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This book strongly supports the contention that 
modern analytical chemistry is, as well as being 
multi-disciplinary, a unified and independent 
scientific discipline which participates with other 
sciences in the optimization and development of 
many processes in modern technology. In the 
development and training of an analyst, to equip 
him to tackle the current problems of chemical 
analysis, the teaching and education he receives 
play an important role. 


This work lays out all the educational require- 
ments in analytical chemistry. It promotes the 
concept of the analytical chemistry student being 
'situation-oriented', deliberately encouraged to 
educate himself. It takes the view that teaching in 
analytical chemistry plays the role of the catalyst 
in promoting the process of learning; that teaching 
is a constituent part of a general education process, 
carried out in a serious scholarly atmosphere, 
where the student is taught to think independently 
and draw from his own ability the capacity to 
understand, and successfully apply, the accumula- 
ted experience of his scientific knowledge. 


The authors stress their conviction that such 
education is achieved primarily through the 
medium of the lecture course, where the necessity 
lies in logical, sequential presentation of the 
fundamentals both by the lecturer and by specia- 
list texts; clear, concise wording to the material; 
the value of audio-visual aids, e.g. blackboard, 
slides, television; and the succinct delivery of the 
lecture with effective use of the voice. It also 
advises on the supplementation of the lecture 
course with suitable reading material, which 
should be read in relation to the experiments of 
practical courses. 


Readership: Teachers and lecturers in analytical chemistry, 
and all its related disciplines, in universities, polytechnics, 
technical colleges, and other educational establishments, 
e.g. adult education centres; and teacher training estab- 
lishments. 
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Preface 


This book arose from the authors’ conviction that the days are long gone when 
analytical chemistry could be regarded as only the servant of other branches of 
chemistry. This notion that analytical chemistry is in some way inferior as an 
academic discipline originated with Ostwald. who conveniently forgot that with- 
out analysis our understanding of chemistry could never have come into exis- 
tence, The ever increasing demands made on the analyst by advances in tech- 
nology and science mean that, more than ever before, the analyst must be 
equipped with a wide and sound knowledge not only of chemistry, but of 
physics, electronics, statistics, biology and so on. It is therefore most important 
that this should be recognized by chemists in general, and proper provision 
made in undergraduate curricula for analytical chemistry to be taught by 
specialists in the subject. who can show its proper relationship to the other 
branches of chemistry. and also impart to the students the special nature of the 
analytical approach, which is in essence that of problem solving. Every analysis, 
however routine it may appear, can pose problems, since the unforeseen may 


happen, and unless the analyst is always on his guard he may be caught unawares 
us result. In many instances, new kinds of sample, un- 


f elements, inhomogeneity, and many other sources of 
difficulty, will compel the analyst to think, and think hard, before deciding on 
the best approach to take. Edison said ‘There is no expedient to which the 
human mind will not turn, to avoid the sheer hard labour of thinking’. There is 
no escape from the fact that analytical chemistry requires continuous thought, 
as well as considerable manual skill and dexterity, and very often an almost 
encyclopaedic knowledge of chemistry and its literature. The analyst needs a 
very wide range of skills and training, and this book is intended to set out some 
thoughts on how the necessary learning may be imparted to him. It is not 
intended as a guide to courses of instruction — each teacher should have his own 
ideas on how to teach, and what to teach - but is certainly meant to encourage 
the reader to think. 

The authors are most grateful to various copyright holders for their kind 
permission to use copyright material, and also to Professors Laitinen, Enke and 


Irving. Acknowledgement is made at appropriate points in the text, and is also 
due to Random House Inc., for permission 


to use the excerpt from Faust, to 
MIT Press for use of the excerpts from God and Golem Inc. The Authors 


and produce an erroneo 
expected combinations o 


To Lucia, Maria and Grace, 
who put up with so much 


Introduction 
Analytical chemistry, like Cleopatra’s beauty, is of infinite variety [1] 


The aim of this book is to expose the basic idea that analytical chemistry is an 
independent science, as well as to emphasize the role of teaching and of education 
in analytical chemistry and chemical analysis. 

To write a book on science is a difficult task, irrespective of its field. It is 
even more difficult to write a book about the educational processes necessary 
for assimilation of knowledge in a given area of science, since it involves a general 
survey, both logical and critical, of that area and, of course, interconnections 
with other sciences. 

The ‘information explosion’ characteristic of recent years makes a complete 
knowledge of the literature almost impossible. Hence the book will be essentially 
based on fundamental articles, books and reviews and to a smaller extent on 
specialized scientific papers having a bearing on the topic. 

According to Kolthoff [2] “Analytical chemistry, like the other fields of 
chemistry is in a state of flux. With all of the modern developments particularly 
in physical methods of analysis, emphasis in analytical chemistry has changed 
today to a great extent from wet analytical chemistry to instrumental analytical 
techniques. ... At the moment the analytical chemist is becoming more and more 
part of a team, who together with his colleagues in other fields of chemistry are 
going to answer the problems which not only occur in industry and ‘pure’ 
research but also in our environment”. This supports our contention that modern 
analytical chemistry, despite its apparent multidisciplinary character, is a unified 
and independent scientific discipline which participates with other sciences in the 
optimization and development of many processes in modern technology as well 
as standing alongside the other branches of chemistry in the general development 


of that science. 

According to Siggia [3] 
analytical man are: self-confi 
technical ability, and the ability to work with | 
these requirements is equipped to tackle the mai 


“The most important characteristics of a primary 
dence, drive, love of subject, aggressiveness, tenacity, 
others”. An analyst who fulfils 
n current problems of chemical 
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analysis, such as on-line analysis, environmental analysis, айе he ute 
oceanography, etc. The principal qualification of the ‘primary analytical ma 
is that he be ‘situation oriented’. | 

In the development of such workers, teaching and education in analytical 
chemistry play a preponderant role. 

Laidler [4] wrote: “I deliberately said ‘help our students to educate them- 
selves’ rather than ‘help to educate our students’, because I am convinced that 
the educator cannot hope to be more than a catalyst in the educational process”. 

In other words, teaching in analytical chemistry plays the role of a catalyst 
in promoting the process itself, namely education in analytical chemistry. | 

As Anatole France wrote, “Do not try to satisfy your vanity by teaching 2 
great many things. Awaken your students’ curiosity. It is enough to open their 


minds, without overloading them. Put into them just a spark; if there is some 
inflammable stuff it will catch fire”. 


It follows that teaching must be a constituent part of a general educational 
process which must not be confused with education itself. Teaching is efficient 
only if it is carried out in a serious scholarly atmosphere, in which the student 
will really want to educate himself. The etymological dictionaries indicate that the 
word education should signify drawing out; that is 
leading the student to think independently and to dr 
the capacity to understand and to apply successfully tl 
of science. To achieve this aim, the courses of inst 
planned. In effect, a preliminary analysis must be mad 
means of achieving them. 

One of the prime means is the lectu 
tion, in logical sequence, of the fund 
own knowledge and from the Special 
use to the beginner, because they u 
that he cannot decide what is impor 

There are several important ing 
attention must be paid to each in 
matter to be included; 


‚ in the present context, 
aw out of his own ability 
he accumulated experience 
ruction must be carefully 
€ of the objectives and the 


те course, since this allows the presenta- 
amentals, abstracted by the lecturer from his 
ist texts (which are themselves not of direct 
sually contain so many detailed illustrations 
tant and what is not). 

redients of a good lecture course, and careful 
its preparation [4]: they are (a) the subject 
ation of the subject matter; (c) the words 
(d) the use of audio-visual aids, such as the 
the public address system: (e) the delivery of 
the lecture; (f) the effective use of the Voice. 

mented by the reading of books, especially in 
he student must learn how to use such reading 
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of basing practice on proper understanding and knowledge of theory and 
fundamental facts, whether in connection with the simplest titration or the most 
modern instrumentation, including the function of the components, maintenance 
of instruments, computer treatment of data, and computer-controlled experi- 
ments. At the same time, the experiments done should be related to everyday 
practice and the needs of industry and research, and coupled with an appropriate 
background in materials science to show the relevance of the analysis. Above all. 
the practical work should give the student a degree of confidence in his own 
manipulative skill and the validity of properly obtained analytical results. It is 
often instructive to include experiments in which the student deliberately uses 
incorrect conditions to discover what their effect is, and to learn how to devise 
simple tests for discovering whether gross manipulative errors have occurred. This 
assists in emphasizing that “the analyst must assume the ultimate responsibility 
for the design of the experiment and the interpretation of results” [5]. 

Even though in the last decade there has been a great increase in the amount 
of instrumentation taught in the laboratory, there are many combined techniques 
such as gas chromatography/mass spectrometry which involve expensive and 
specialized equipment, and though they have high informational content (both 
in terms of results and of education) such techniques are probably best dealt 
with in lectures and visits to research or industrial laboratories where they can be 
seen in ‘real life’ use. The modern emphasis on use of instrumentation must be 
coupled with a realistic appraisal of the performance and cost of instrumental 
methods in comparison with ‘classical’ methods, and hence it is essential not to 
exclude the study of reaction chemistry from the teaching process. Moreover, 
many instrumental techniques involve the use of reaction chemistry in the 
procedure and/or interpretation of results. 

Belcher has well remarked: “Regardless of the advance of instrumentation, 
some pure reaction chemistry should still be included and lectures on sensitivity, 
selectivity, masking and de-masking, amplification, catalytic reactions, induced 
reactions, etc., cannot be without benefit” [6]. 

Another important factor in teaching analytical chemistry is persuading 
dy the historical evolution of the subject. 

Szabadvary [7], an expert in the history of chemistry in general, and of 
analytical chemistry in particular, remarks: “However, it is becoming increasingly 
clear that the future development of science and technology cannot be judged or 
predicted without a profound knowledge of their past development, and there 
is no starting point for such extrapolation other than the path that they have 
followed to the present date”. 

Thus the lecture must present the general principle and development of 
analytical chemistry and chemical analysis, as well as the interface with other 
sciences. At the same time it must be clearly shown that the theory is not 
introduced for its own sake or to make the course ‘difficult’, but because without 
its proper understanding and use the results obtained may be incorrect, and 


students of the necessity to stu 
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obtaining results that are as close to the truth as possible is the main concern of 

ay к 
i rera the lectures should lead the student to see for himself the е 
tions of each step, so that he can predict the next and enjoy the intellectua 
satisfaction of hearing his prediction confirmed. In this way he can be stimulated 
to think for himself and to recapture the joy of discovery felt by the pioneers. 
He must learn to use his mind to explore what to him is the unknown; he must 
become educated. Such a process is not easy. Most teachers would echo the words 
of Edison: “There is no expedient to which the human mind will not turn, to 
avoid the sheer hard labour of thinking”. 

When Philip West received the Fisher Award, he said [8]: “Why not products 
without chemicals when I see so many chemistry courses that have been purified 
to the point they too are free from chemical taint?”, and further: * There is no 
quick way to become a chemist. Simply reading books and learning chemical 
theories can no more produce a true chemist than learning the theory of music 
can produce a real musician". If he had been Russian instead of American he 


would have summed this up in the well-known dictum 


“Theory without practice 
is sterile”, 


To become a true chemist it is necessary to have insight and intuition 
(a ‘feeling’ for the subject) as well as extensive knowledge of theory and practical 
experience of research. Only in this way can the chemist be able fully to under- 


stand the book texts, interpret apparently unrelated facts, and draw useful and 
interesting conclusions from them. The true test of knowle 


(as opposed to mere recognition of phrases and ideas) 
what has been learnt, to solve problems and explain new o 


dge and understanding 
is the ability to apply 
bservations. 
The history of the great scientific discoveries shows that these were made by 
Scientists who deeply understood the aim of the research and worked enthusias- 
tically and passionately for its achievement. In research in analytical chemistry 
the aim should always be to achieve the simplest and most accurate solution 
to the problem of measurement or identification that has been posed to the 
researcher, and in the framework of modern technology this is likely to involve 
the worker in interdisciplinary research and use of techniques originated in a 
variety of scientific fields. Hence the Statement “The analytical chemist properly 
serves his role as a chemical measurements specialist only if he is a full partner in 
the interdisciplinary team concerned with solving the problem” [9]. 

The future analyst must, even as à student, learn to be a scientist, to be 
creative. The first and most important characteristic of a creative person is 
interest, and confidence is a close second. Lack of creativity is characterized 


chiefly by an incapacity or disinclination to become interested. Interest and 
confidence are closely interrel 


ated and, normally, a sufficiently powerful interest 
generates confidence. 


The problem for the educator, then, would appear to break down into the 
following parts [10]. 
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“(1) Ability to create or enhance an interest on the part of the student. 

(2) Steering the student to real unsolved problems which he is capable of 
solving to build confidence. 

(3) Possessing sufficient knowledge of the associated subject matter to 
answer questions and to properly refer the student to appropriate references. 

(4) Supplying to the student sufficient opportunity for the fundamental 
understanding of nature, that he may develop an appropriately sensitive filter to 
screen out bad ideas and pass on good ones”. 

A good teacher must finally show to his students some of the present limits 
of the science or equipment concerned. 

Let us take as an example three of the most important parameters of 
analytical equipment: sensitivity, selectivity and rapidity in the transmission 
of analytical information. Even the best and most modern methods and apparatus 
are sometimes far from giving the performances achieved by systems in nature. 

With regard to sensitivity, the most sensitive methods (such as neutron 
activation, electron microprobe, flameless atomic absorption) attain sensitivities 
of 10772-1076 g, which may be compared with that of olfaction (smell), 10778 р. 
of aromatic amines, based its application 


A recent paper on catalytic oxidation 
anganese(II) on olfactory indication of the 


to the complexometric titration of m 
equivalence point [11]. 

With regard to selectivity, the spider gives a differentiating response to 
certain alkaloids (caffeine, strychnine, morphine), the pattern of its web being 
altered according to alkaloid ingested. Another example of particular interest is 
the albatross, the only terrestrial being which drinks sea-water. It has a gland 
in its beak which instantaneously fixes the sea salts, the water becoming in this 
way fit to drink. The salts are then quickly removed. This natural mechanism 
is the envy of those working on ion-exchange processes for concentration or 
Separation [12]. Recently [13] a new potentiometric sensor was based on coupling 
intact micro-organisms (Streptococcus faecium) with an ammonia gas-sensing 
membrane electrode. This bio-selective membrane electrode prepared with 
living bacterial cells provided a specific and linear response to L-arginine over 
the concentration range 5 X 1075-1 X 107° M. 

The interdisciplinary nature of modern analytical chemistry is well 
attested by the award of half the 1977 Nobel Prize in Physiology and Medicine 
to Dr Rosalyn S. Yalow for work on the development of the technique of 
radioimmunoassay [14]. Я 

Analytical chemistry, in the last few years, has progressed almost into 
the realm of the imaginings of the science fiction writers, mainly by dint of 
fundamental research on analytical processes themselves, and on automation and 
Computerization. The development of telemetry in connection with space explora- 
tion has revolutionized our ideas on terrestrial exploration for natural resources. 
The automated X-ray fluorescence analyser and gas chromatography/mass 
Spectrometry were two of the stars of the 1976 Viking mission for the exploration 
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of Mars [15]. Every advance in technology brings a new challenge for the analyst. 
As the technological age is likely to continue in more or less its present form until 
man destroys himself or reaches a level of social and political wisdom approaching 
his level of scientific knowledge, there will be a continuing need for analysts. It is 


the duty of teachers and educators to see that the future generations are properly 
equipped for their task. 


CHAPTER 1 — 


Teaching and Education in Chemistry 


ee ee ee 


1 
.1 TEACHING VERSUS EDUCATION 


Teachi i 
hing does not always give culture, but frequently the contents to a culture [16]. 


An old parrot cannot learn to talk [17] (Bengalese saying) 


W 
potu 3 чеш logically and critically the problem of teaching versus 
ШАА, Pesce This question may be universally debated but it is the 
dre. E | о affairs that few chemistry teachers in universities know, or 
thata differ: Я the difference between teaching and education, or even realize 
nce exists. 
Fe tee has said “A great teacher is not simply 
н EME but is one who awakens their inter t 
Rta eqs purus it for themselves. An outstanding teacher is a spark plug, 
ес p [18]. In other words, a great teacher is an educator (in the sense 
nee d he introduction). It follows that greater emphasis must be placed 
ай hy ity of teaching, particularly at the undergraduate level, and the 
standing Pers teaching must be put on a par with the rewards for out- 
йе. anim arch. To be a good teacher and also a good research worker is the 
’ nay not always be realized. 


To teach i iene z 
the } x teach in a scientific field and to continue lea 

1 : а E 

istory and evolution of the subject, because there is no progress without 


з of the past and present. Moreover, anyone failing to continue to learn 
called а y from the difficulties experienced by students) is not entitled to be 
teacher. 
абе о two deeply entrenched trad 
"open: к the history of science Is connect 
Within th ырп the other in which the histori 
It is ee themselves and remain cent 
for метана however, to remember that the history 
e itself. 
For these reasons teaching in С 


one who imparts knowledge 
est in the subject and makes 


rning, it is necessary to know 


itions relating history and the sciences: 
ted with historical studies in depart- 
es of the special sciences arise from 
tred in scientific departments [19]. 
of science is not a substitute 


hemistry must include a general but concise 
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history of chemistry, and each specialized course in the different branches of 
chemistry should contain the appropriate historical facts, preferably enlivened 
by brief anecdotes about the persons concerned, and related to the general 
cultural background of the period. Present-day students are often glad to be 
informed of the precedent of Mendeleev having his hair cut only once a year (on 
his birthday) or of the Pauli effect on apparatus* or that Rayleigh was obliged 
to ask his assistant to remove her corset (which had steel stays) before helping 
with his magnetometer experiments. 

The history of chemistry is sufficiently important not to be left solely to 
retired professors or to the weekend activities of interested chemists, and should 
be dealt with by specialists. According to Ihde [20] a good history of chemistry 
course should have the following features. 

(1) Integration of the several traditional branches of chemistry into a 
coherent whole. 


(2) Creation of a realistic picture of the science, showing that chemistry is 
a dynamic rather than a static subject. 

(3) Putting chemistry into perspective as a human activity. 

To know the history of chemistry in general and that of analytical chemistry 
in particular is a prerequisite for a teacher or research worker in analytical 
chemistry. Only in this way can chemical initiative and creativity, without fear 
of mere rediscovery, be ensured. Only a scientist having adequate knowledge of 
the history of science, both past and present, can understand the status of the 
science, adapt to it and pursue research constructively and usefully, producing 
innovation and development. All too often, so-called research consists of treading 
well-worn paths, and producing insignificant variations on long-known techniques, 
or even methods that are inferior to those already in use. 

Kunin [21] in his book on ion-exchange resins gives an excellent and concise 
history of ion-exchange, exemplifying the precept that in any historical treatment 
unusual excerpts should be given to stimulate curiosity and awaken scientific 
thinking. It is often difficult, for example, to decide who originated a certain 
technique or how it has been developed. Thus Kunin remarks “А recent inter- 
pretation of the miracle supposedly performed by Moses as he led the Israelites 
safely through the wilderness Suggests the possibility of the application of ion 
exchange. In order to make the ‘bitter’ water at Marah potable during their 
journey, Moses found a tree ‘which when he had cast it into the waters, the 


waters were made sweet’. It has been Suggested that the oxidized cellulose of 
the tree entered into an exchange reaction 
water, rendering the water potable” 
repeat the work and identify the tree 


‘project’ for anyone so bereft of ideas a 


with the bitter electrolytes of the 
- Curiously, no-one seems to have tried to 
or the water. We offer this as a research 
s to need it. 

*Pauli's presence was reputed 


to cause apparatus to cease functioni e са 
r, B В f SAS о 4 CS e case 
being facetious attribution of a failure to the fact that Pa a 
in a night-train. 


auli had passed through the town 
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To conclude, we may say that the history of science constitutes the connect- 
ing line between teaching and education, since it can use the first to produce (or 
induce) the second. It follows that ideally the teacher of chemistry should have a 
good knowledge of its history. 

Fundamentally, a university preserves, interprets and extends human know- 
ledge [22]. The university teacher is expected to participate in all three activities. 
Thus he is required to be a good research worker, who uses the results of research 
in his teaching, to arouse the interest of the student, but his teaching only 
becomes active if his students are an active and creative element in it; in other 
words, if the students really want to learn, and hence begin to teach themselves. 
The information given through lectures constitutes only an ‘activation’ step 
for the students, awakening their curiosity and inviting them to the library, 
where they begin to learn the ‘art’ of learning, through the use of textbooks. 
It is clear that the textbook is one of the most important vehicles used in learning 
and teaching chemistry [23]. 

If the teaching is good, and the student uses good and attractive books, 
he may reach the second part of the learning process, which is education in 
chemistry. To achieve this, the student must, at least in the first stage of learning, 
make efforts, sometimes unpleasant, to accumulate knowledge. This is because 
the very essence of science is the imposition of order on the chaos of sense 
impressions and data received from the physical universe. That is to say, the 
Progress of science produces a decrease in entropy, and hence involves a loss of 
free energy. The energy required must be supplied by the scientist (or, in the 
case of learning and education, by both the teacher and the student). | 

Research work in every field of science is nowadays largely based on applica- 
tion and interpretation of knowledge judiciously selected from the enormous 
amount of information (some good, some bad!) available in the modern literature. 

The student, or a beginner in research work, must act as a filter, selecting 
logically and critically (and retaining) the necessary knowledge. He must learn to 
retain not only the essence of what he has read but also any subsidiary theoretical 
Or experimental details which may be of use as the starting point for future 
investigations or in their realization in practice. | 

The mind of the research worker in chemistry must sift ош the useful 
knowledge and eliminate the useless, just as the flamingo feeds itself from silt, 
retaining only the food contained in it [24]. | ; | : 

We insist upon the importance of filtration of information on apan пе 
role played by the teacher in guiding the student to learn how cii i 
Nowadays almost impossible to cover exhaustively even a strictly spec ize 
domain of a science, whatever method of information retrieval is used, and it 
is necessary to learn how to abstract rapidly and accurately the гн E e 
most important work. This involves a value judgement. and vem E "e 
be taught to read scientific papers critically (as a referee саак = Jy 0 t D: E is 
not deceived by specious and incorrect work that has escaped detection before 
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publication. During the writing of this book, it became abundantly obvious that 
the literature contains too much poorly written, poorly edited and inadequately 
proof-read material for comfort, and that the reader must always be on guard 
and act as an additional referee. This does not make it any easier for the student 
(especially the beginner) to use the literature! | 

We now reach the second stage of the learning process, namely the active 
work of a student or research worker in the laboratory. The laboratory phase 
follows logically after the informational phase, in order to ensure correctness 
in the work and the interpretation of the results. There are, unfortunately, some 
otherwise good chemists who neglect in their work any previous and sound 
observations on their research problem. They can be likened to a virtuoso 
violinist who does not take the trouble to learn to play the correct notes, They 
are at most technicians, but not research workers. 

It is important to teach students to make their own observations, describe 
them accurately, draw independent inferences, act on them, and accept proof or 
disproof of the inferences [26]. 

We may conclude that teaching and education are interactive and inter- 
dependent. Teaching is necessary (but not sufficient) for education, and vice 
versa. Teaching points the way to education, but really the successful student 
educates himself in the sense of learning to apply his knowledge to solve 
problems and to perceive the inter-relationships in science and nature. 

It is not everyone who is capable of teaching, especially science. “Teaching 
is more than a science and more than an art. It is both. Those of us who teach 
Science are lucky in that we can use all the artistry available to our colleagues 
outside science, and our training enables us also to use science more easily and 


more efficiently. ... Successful teachers owe much of their effectiveness to 


experience, dedication, and a natural gift, but it is also clear that a scientific 


and practical approach can augment these characteristics. Teaching requires 
creativity and innovation in both the scientific and artistic senses” [27]. 

There is an intimate dependence between the teaching process and education. 
It is often the case that the two processes cannot be, distinguished from one 
another, and even specialists sometimes mistake the one for the other. 

One of the difficulties is that most Systems involve teaching by a large 
number of specialists, with the result that there is no overall co 
instead of learning a single subject or discipline (chemistry) the 
is learning a large number of totally unrelated subjects, and becomes not only 
inadequately educated but also disenchanted with chemistry. 

A more satisfactory state of things may be found in the Japanese learning 
system. “Тһе heart of the educational System at the major Japanese universities 
is the organizational unit termed the ‘Koza’, which stands for the research 
teaching group associated with the laboratory of each full professor" [28]. This 


may be regarded as a development of the old method of teaching by ‘regents’ in 
the ancient Scottish universities, in wi 


j hich each regent was responsible for the 
entire education of a group of students 


-ordination, and 
student feels he 
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1.2 TEACHING CHEMISTRY 


mee Has for its object mixed bodies, insofar as they are divisible and soluble, upon 

Salt poene ошо Lp the FoR Principes (Basic Elements), which are 

` ۸ ys ch is done by two general operations, namely Solution and 
congelation" [29, 30] 

What should be taught in chemistry courses today? It is certain that every 

chemistry teacher has asked this question of himself and of others. 

The first essential is that the teaching of classical and modern ideas of 
chemistry should not be diluted; it should be strengthened [31], so that irrespec- 
tive of whether the student wants to become an industrial chemist or to do 
research in chemistry or to be a salesman fora chemical company, he will be aware 
of the structure, methods and purpose of the subject. Thus the definition of 
chemistry itself must be adjusted to be in accord with the stage of development 
of the science, especially in view of the rapid developments in chemical research. 

We consider a correct definition of chemistry in its present status of develop- 
ment might be: “Chemistry is the integrated study of the preparation, properties, 
structure and reactions of the chemical elements and their compounds, and of 
the systems which they form" [32]. 

We consider that on this definition chemistry may be tackled by any person 
having sufficient intellectual aptitude and interest. 

Dr Jacqueline Renaud says [33] “The new schools of neurophysiology have 
ended with the ‘gained facts’ defended by the old phrenologists: for example, 
the intelligence quotient does not depend on the amount of grey matter or the 
dolphin would be more intelligent than us. The dynamic study of the brain deals 
specially with the links between neurons. Those links make possible the act of 
learning, in other words, education”. 

hat chemistry, more than 


The thing that becomes clear from its definition is th 
other sciences, has developed in close relation to technology- Therefore chemists 


tend more toward practical applications than do other scientists. Through the 
years of the great developments in the sciences, biology, physics, mathematics 
and astronomy have had their centres in academic life and have been largely 
the preserve of academics. Chemists, On the contrary, have felt more closely tied 
to industry, even those chemists who are primarily academics [34]. — | 

This observation is now rather less generally valid, since many of its academe 
teachers (other than analytical chemists) tend to regard chemistry as a ‘pure 
science which should be kept separate from its numerous technological 
applications, such as industrial chemistry and chemical engineering. 

This is our starting point. We must now see how, by whom, to whom and 
under which conditions chemistry may be taught. 


(a) How 

" Chemistry is taught to two general audie 
: ose who are required to study chemistry as а 
n the two cases should be different, but it must no 


nces, the intending chemists and 
n ancillary subject. The teaching 
t be forgotten that teaching 
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in any scientific field implies the selection of information from the continually 
growing amount available, and the desire to introduce the latest ideas to show 
how ‘advanced’ the teacher is may result in either omission of more important 
‘old’ material or the coverage throughout the course being rather superficial. The 
answer is simple: teach the fundamentals first. If these are properly understood, 
the ‘new’ material will be easier to teach and more easily grasped. It must be 
remembered that in a given time only a certain amount of information can 
be presented to and taken in by the human mind. This amount of material 
can be thought of as three-dimensional: if it is deep, it must necessarily be based 
on a very small area; if it covers a wide field, it must do so in a very shallow 
manner. 

It is therefore necessary to take into account the nature of the students’ 
pre-university schooling and to balance carefully the weight given to the different 
branches of chemistry. It often happens, for obscure or subjective and sometimes 
untenable reasons, that the importance of one of the chemical disciplines iS 
undesirably diminished or overestimated. A notorious example is the pseudo- 
scientific competition between inorganic chemistry and chemical physics on the 
one hand and analytical chemistry on the other, as a result of which, analytical 
chemistry is the Cinderella of chemistry in many European countries, as 
demonstrated by the small numbers of independent departments of analytical 
chemistry in those countries, especially in Great Britain. It is not enough simply 
to appoint professors in the subject: the subject itself must be recognized as 
being just as important as organic, physical and inorganic chemistry, and until 
it is given adequate teaching time and facilities, industry and research will 
continue to be hampered by a lack of properly trained analytical chemists. 

Torrey remarks [35] that “Тоо often analytical chemistry is taught as if it 
were an abbreviated orientation course for technicians, in that the students are 
instructed to ‘flip’ switches and be ‘black-box’ operators instead of students 
of Chemistry”. The courses must be taught by experienced and enthusiastic 
analy tical chemists who have the necessary background knowledge to put the 
subject into perspective and show its relationship to the other branches of 
chemistry. Analytical chemistry is the only branch of chemistry which brings 
gate three other л and uses them for practical problem solving: 

ies e quite possible to construct an entire chemistry course based ОП 
Sos конун negra mal. Hune ad dns 
be no sounder, in terms of um v CH dienen. ie е х ird is 
may scarcely be mentioned at all Iis ES ia e qur mur ep pie e 
AEE E cert eque that Ostwald, who first put por 
present state of affairs with his observa n responsible to some extent for t? 
> rvation that ** 


the role of a servant to other scienc 
also indispensable”, 


existed as a science. 


i analytical chemistry plays 
Bra es, being at the same time subordinate bu! 
Orgot that without analysis chemistry could not have 
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аат Онд ct Дн на БОО теб 
а series of ‘aids’ to teaching ‘ean -vi ali x ad con eet ae 
efficiency S ieai: A io-visual presentation, computers, etc.) but the 
ouis as каше ге А on who uses them, how, and for what purpose. 
analysis, yen и er are now available various lectures on instrumental 
TOLE Уёгу iai й audio cassette and illustrated with slides. This kind of 
about a certain type n individual instruction or for people who wish to know 
substitute for Eis vd аео analysis, but it cannot always be an adequate 
lecturer ant bap iois Ea lecture course, which can be interactive between 
Er Hes ieri ne specialists or professors cannot be replaced by 
Brasted [36] К ee or ee ‘intelligent these machines may be. 
iliis server bin uem I would hope I could in the lecture atmosphere 
andis tasetta A i might contribute to апе better than by using 
ove тн oe apec - lectures, or a computer". 
iiiv Basta ande o is active in research and abreast of deyelopments in his field 
leotüres his oo with his own passion for scientific research, including in 
Wah und. tine eae аа and showing the relationship between research 
difficulties ab. vine „problems and needs that gave rise to it, and how the 
in the contain d он and overcome. In this way the student is led to feel 
а at science. | 
between dn em, to teach chemistry successfully must strike a proper balance 
fact that m and descriptive chemistry. and must never lose sight of the 
economic aspe г у is a practical science, and without its technological and 
study of E only slightly more useful to mankind in general than the 
Sclence is its eei ife of the dodo. The days of the notion that any extension of 
ош evar e n justification (irrespective of its real utility) are long since gone, 
many ней н rà glance at the research literature will show that a great 
rs’ have not realized it. The teacher should endeavour to put 
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tr А ; А а 

facts fot. ire proper perspective for the student, and train him to consider the 
themselves, stripped of the sophistry of words that seek to vest them 


"m 
ith undue importance [37]. 
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need not be able to sing or play an instrument. As for the first, the most that 
can be said in its favour is that a bad teacher acts as a sorting mechanism, the 
good students turning to the library to remedy the effects of his deficiencies, 
and the poor students being even more retarded than they are already. For the 
teacher to act as a catalyst in the awakening of the student’s interest in science, 
he must spend many hours working in the laboratory and library to become 4 
part, however humble, of the progress in his chosen field. 

Libby says [39] “It is, therefore, of extreme importance that we improve 
scientific education by helping the teachers not only at the college but also at the 
high school level to impart the excitement of chemistry and science in general so 
that the value of science, and chemistry in particular, can be transmitted to their 
precious young charges. 

To be absolutely honest and practical we must try to interest the young 
student in science, and chemistry in particular, by showing him the excitement 
and wonderful thrill of discovery itself”. | 

Such discussion of new scientific results, appropriately selected, is of special 
worth. The student can in this way be stimulated to educate himself by working 
in library and laboratory. A lecture has attained its goal if the students talk about 
its topic afterwards. 


(c) To whom 
According to Mészáros [40] students should not be classified simply 4 
mediocre or outstanding, but several categories should be used, as follows. 


“Student talented for leadership, with great self-reliance 
Excellent co-worker under proper guidance 
Adequate co-worker when led properly 
Stubborn, willful or obstinate student who cannot be led 
Student without any initiative or self-reliance, who cannot be led.” 


This classification helps the teacher to know the human material with which 
he must work and to know in what directions the future graduate may be guided 
for his benefit. It also helps in discovering the true talent amongst the students 
from which future research workers can be drawn to ensure continuity ап 
novelty in the work, 

The students themselves are often the best judge of a teacher, since they are 
usually the only people who hear what the lecturer has to say (though some 
lecturers are inaudible beyond the first two or three rows of seats) and know 
whether his style is easy or difficult to follow, whether his lectures are lucid °" 
not, whether he is dull or interesting, and so on. For these reasons it is often 
recommended that students should be asked to complete questionnaires about 


their teachers. A typical questionnaire [41] asks the students to give their responses 
to the following statements. 
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The teacher 


(1) is always well prepared 

(2) makes good use of class time 

(3) has stimulated my interest in the subject area 

(4) expects that much time and effort be given to the course outside of 
class 

(5) is interested in the student’s progress and is actively helpful 

(6) is effective 


The responses (to be indicated by insertion of a number of symbol) are to be 
chosen from: strongly agree, agree, neither disagree nor agree, disagree, strongly 
disagree, have no opinion. Whether the statements are the best to use is another 
matter. The value of such questionnaires is open to question, however, since the 
Student sense of humour (especially in Great Britain) may make the results worth- 
less. Moreover, not every student is a good judge; a student may be so incompetent 
himself that he has no feeling or perception for competence in others. 


(d) Under which conditions 
| This problem is not new, but is still with us, and likely to remain for a long 
time to come. 

. In ancient times a student who wanted to learn went to à teacher, studied 
With him until he was satisfied, and then left to use his learning [42]. This led to 
the celebrated science schools (or chemistry schools), existent in the past in some 

Чгореап universities and at present in Europe, the U.S. A. and Japan. 

The existence of a renowned chemistry school depends to a large extent on 
for EN of the department, who ensures good facilities and a good atmosphere 
he work of a team, and the continuity and tradition of the scientific activity. 
Te favourable climate for scientific research may stimulate multidisciplinary 
es such as chemistry-physics, biology-physics, biology-chemistry [43]. These 


the 


2 


ditiis are useful for future college teachers and may also ensure the production 
is good specialists in interdisciplinary fields. This interpenetration of disciplines 
essential for cross-fertilization of ideas, and for successful work in the boundary 
i We would not think of a biochemist as a *good' one if his knowledge of 
E ОБУ and chemistry was kept in separate compartments in his mind, just as 
Would not speak of a good biophysicist if he knew physics but not biology 
Ot vice versa). 
gir d domain of interdisciplinary research. teaching 1 
> the torch being kept alight, as we shall see later, by education. a 
Multidisciplinary teaching—like multidisciplinary research—calls for scientists 
8 broadly trained than the run of the mill. The unity of science itself is 
King counterparts in unity of teaching and unity in research [43]. 


promotes only the 


mo 
evo 
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1.3 EDUCATION IN CHEMISTRY 
Chemistry is questioning - questioning nature, questioning fellow chemists [44] 

As we have tried to show, there is a difference between teaching a scientific 
discipline and education in and through this discipline. А 

Education in chemistry or other domains of science involves a series of 
interdependent constituents. Our experience as teachers and research workers 
leads us to conclude that the principal components of education in chemistry 
are: 

(a) printed lectures or textbooks: 

(b) reviews and journal articles; 

(c) individual or team research; 

(d) direct relations with other specialists and participation in conferences 

or symposia. 


Let us consider these in detail. 


(a) Printed lectures or textbooks 


These supplement the knowledge received directly from lectures but cannot 
alone form an adequate substitute, since the essence of the lecture course İS 
to select the basic material from such sources and put it together in a logical 
progression to form a satisfactory and self-contained whole. 

There is an essential difference between printed lectures and textbooks. 
which is obvious to any beginner in study of the field concerned. The goal of 8 
printed course is to ensure provision of useful material to the student, as a secon 
form of information on the topics of the lectures. To reach this goal, the printed 
course must contain theoretical knowledge tied to descriptive matter to supple 
ment the lecture material but with only a limited proportion of explanatory text 
Courses that are strongly theoretical in character, such as chemical physics. must 
avoid complicated mathematical derivations in lectures in order not to obscure 
the physical meaning of the phenomena, and the printed material is the prope! 
place for such mathematical exercises. Such printed lectures are quite efficient if 
they are strictly confined to the topics necessary for the student to assimilate the 
fundamentals of a subject. Otherwise the student must guess which material 8 
useful and may not be able to differentiate between fundamental essential topi 
and supplementary ones. Collections of such printed lectures should not be (00 
lengthy. Their main value is perhaps that the student is no longer in danger ol 
having incorrectly taken lecture notes (or can at any rate check them) but against 
this must be set the loss of practice in note-taking, if the student decides to rely 
entirely on the printed lectures. x 

We must not confuse a printed course with a textbook, even an ‘elementary 
one, since such texts usually give the student much more than is necessary for P 


stage of learning. The value of a course is due to 
of informational material 


informational content, but į 


‘ antity 
the quality and not the quant : 
presented. A telephone directory has a very ЫР 
5 not very educational! 
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To present in a printed course only the necessary fundamentals means that 
the author must have a very wide background of reading and a profound under- 
Standing of both the subject itself and the difficulties likely to be experienced by 
the beginner in learning to understand. Almost every chemistry department will 
have on its staff a teacher who gives lectures which are models of clarity and 
organization but are extremely difficult for students because the teacher makes 
No allowance for the fact that the students do not possess the teacher's back- 
ground knowledge, and fails to put the topic into terms that are familiar to the 
Students and that they can understand. 

А Many authors of chemistry textbooks seem convinced that а maximum 
of theorization is the best answer to the students’ requirements. There are, 
Unfortunately, some chemistry texts from which we cannot guess where the 
knowledge of chemistry begins or ends. 

There are some who hold that it is possible to be a good lecturer without 
Necessarily being able to write a good textbook. This seems unjustifiable as a 
Beneralization, because to teach means to understand, and to understand means 
to be able to apply what has been learnt. Whoever can do that, can equally well 
Write out his lectures and have them printed. Besides giving the student an 
accurate set of notes, such printed lectures can stimulate the student, arouse 
his curiosity, and lead him to understand the importance of textbooks as an aid 
s putting factual flesh on the bones of the subject given in the lectures, and to 
Seeing how the ripples of. knowledge spread outward into the unknown. The 
textbooks the student will meet at this stage will be ‘intermediate’ textbooks 
Which provide material to be learned and also orient the student towards other 
books and papers in the specialized literature. 
"ES "intermediate" books should not exceed say 300 pages. and шп 
à N judiciously selected material and problems, and practical exercises 
if experimental techniques are described. It is recommended that such books 
on be designed on the American pattern, having a moderate amount of 
med and the subjects being amply illustrated with pictures, tables, diagrams, 
Hole : * give as an example Parikh's book on absorption spectroscopy wh organic 

cules [45]. This book attains the goal proposed, and is very useful for students 
Studying Organic chemistry. It presents in an original manner the main spectral 
ds and shows the correlation 
n order to familiarize 
techniques. We 


onc for investigation of organic compounds anc ` 
the tin. the methods. Examples and exercises are given ir à 
tel it ent with the infrared and nuclear magnetic resonance 
can be taken as model of its kind. 
fete third category of books comprises the specialist texts, which may be 
T 1100 (a) treatises, (b) monographs, (c) strictly specialized bonis: 
ite are useful only up to a certain point, and their ык mh 
атор p outweighed by their disadvantages. They Еск нр 
а facts, but in comparison with monographs treat he ac : 
Icially. Moreover, if they have many volumes, the earliest will often be out 
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of date long before the last have appeared, and if a particular volume has many 
authors, one or more of whom may be much slower than the rest, some chapters 
will also be outdated when the volume appears, and subsequent volumes will be 
delayed if the publication schedule calls for rigid adherence to a structured plan. 

A good treatise should be written by a team of specialists, the duty of the 
editor being to select the team and to arrange the material. The editor must 
be firm, however, and not allow the over-enthusiasm of an author to lead to an 
imbalance. We consider that the role of the editor is of extreme importance, like 
that of the manager of a research team in work of complex character. Owing to 
the international character of research, the most efficient are treatises written by 
teams formed from authors belonging to different nations. 

Monographs are books which contribute, together with journal articles, 
to exhaustive documentation in a field of science. They should be written by 
research workers with rich experience in their field, and who are meticulous and 
correct in the selection of material. As informational sources, monographs play 
an essential role in the educational process. There are several series of very good 
monographs produced mainly in America, Great Britain and Germany. 

The strictly specialized books are akin to monographs but in a very narrow 
field, written for advanced and ‘superspecialized’ research workers. They are of 
special interest but limited use. We give as examples: The Analysis of Rocket 
Propellants [46] and Analytical Biochemistry of Insects [47]. 


(b) Reviews and journal articles 


An important part in any science is study of the literature, since this is the 
printed record of the development of the subject. The specialist should read an 
article directly in the original journal (if he knows the language) and not just its 
abstract in a documentation journal such as Chemical Abstracts. The abstracts 
are useful for rapid exploration and orientation, and as a ‘lead-in’ to the litera 
ture on a subject, but are an inadequate substitute for the original papers when 
detail is necessary. They are not always accurate, and their usefulness is largely 
determined by the efficiency of their indexing and the ability of the reader tO 
use the index to maximum benefit. The original paper may also contain useful 


ancillary information that is not abstracted, bu 


t may be of great use to the 
reader. 


The reading of original papers in journals constitutesa relation of the research 


worker to the thinking of other people, the first step toward co-operation between 
specialists. There are numerous cases wl 


cents à here fruitful co-operative research has 
been initiated in this way. 


Depending on his interests, the research chemist should select a number of 
appropriate journals (usually between 15 and 20 will suffice) which he should 
consult as they appear. For rapid coverage of other journals he can consult 
informational publications such as Current Contents. In spite of the continuously 
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growing amount of information published, we are convinced that a competent 
chemist can easily select the most important articles in his field. 

Computerized storage, search and retrieval methods are often advocated as 
superior to the ‘old-fashioned’ personal search. Computer searches can indeed 
be very rapid and efficient, but much care in the planning of a search is needed 
to ensure that all relevant material is retrieved, and to avoid recovery of large 
amounts of irrelevant material. Their efficiency often depends on the initial 
Subjective choice of key words stored, the ‘early’ literature (pre-1967) cannot 
at present be accessed, and they cannot make value judgements. 

Another important means of documentation, somewhat similar to mono- 
graphs, is the review. If well written, reviews constitute an ideal source of 
information, but it is essential that they should be critical and not mere 
Catalogues. As a certain book review once put it, academics are expected to keep 
card-indexes, but not to publish them. Most major journals publish review articles 
from time to time, and Analytical Chemistry publishes every April a special 
Number consisting exclusively of reviews of selected topics, fundamental and 
applied research being dealt with in alternate years (even and odd respectively). 


(c) Individual or team research 

Another component in the education of a specialist is his laboratory work. 
It ensures contact with colleagues and, in the first stages of the work, with the 
leader of a research programme. The work may be done by an individual (e.g. for 
a Ph.D), or by a team. In team work, the working atmosphere plays a special 
role, and a prerequisite for a successful research school is a climate favourable 
to research. The age of the ‘ivory tower’ is now past, and has been replaced by 
the age of ‘active research’, which means work in the team and for the team. 

For scientific research in general, the questions ‘on what?’ ‘how?’ ‘what 
for?’ and ‘by whom?’ are ever present. 

Let us briefly examine the answers. 


What? 


Traditionally, in principle anything may be investigated, in scientific research 
there being only major or minor problems. There is sometimes a reversible equi- 
librium between them. We can give as an example the study of the rare-earth 
elements and their compounds. In the early history of chemistry, this was 
Considered as a curiosity, these elements being looked on as a series of chemical 
elements that were very similar, difficult to separate and of no use. For students 
Studying inorganic chemistry they later constituted only a nuisance, the students 
being obliged to memorize a lot of things judged as of very minor importance. 
AS a result of the development of improved techniques of separation, such as 
Solvent extraction and ion-exchange chromatography, however, the lanthanides 
and their compounds may be obtained very pure, and their chemistry has become 
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of major importance, especially since new technological applications have been 
found, in colour television for example. 

In practice, however, there is a growing feeling that the relative importance 
of a line of research can be assessed and applied in choosing whar to do research 
on. In our opinion, for training in research methods, e.g. for a Ph.D., the main 
factors in the choice of a topic are that the subject should be of interest to both 
the student and the supervisor (to ensure enthusiasm and the continuity of a 
line of work), that the work can be completed in the time available, and that the 
topic is suited to the ability of the student. There is little point in asking а 
mediocre student to undertake a highly problematic and challenging problem. 
or a brilliant researcher to undertake a trivial ‘number-finding’ exercise. Both 
students would feel frustrated, though for different reasons. К 

The topic should also һауе some relevance, however small, to the needs of 
the world. Far too many so-called research schools tread paths so well beaten 
that no initiative, insight or inventiveness is needed to obtain results (which will 
duly be published and add yet another useless bit of information to the literature). 

The days when any bit of new information could be treasured for the sake 
of its novelty alone, and stored away in case it might be of use in the future, are 
long gone. If our critical faculties have not developed to the extent that We 
can differentiate between work done for a specific use or purpose and work 
of the ‘number of angels on the point of a pin’ variety, the centuries of patient 
endeavour have been in vain. What is more, the politicians who fail to see tha! 
the world situation demands the organization and mobilization of all available 
scientific resources to solve the fundamental problems of energy and food supply 
and overpopulation, or to take action if they do see it, are not only behaving 
like ostriches with their heads in the sand, but betraying the people they purport 
to serve. Enormous sums of money and amounts of energy are wasted on projects 
that are trivial in comparison with the problems that beset the everyday life ol 
something like 90% of the world population, and about which nothing is done: 
Until we get statesmen instead of politicians as our rulers, nothing will be done 
until is is too late, so all we can hope for is that sufficient scientists will have th* 
wisdom, foresight and courage to insist on usefulness as a criterion, and abando” 
the safe ‘sausage -machine’ type of research. 

Any school of chemistry worthy of the name will have a tradition of work 
of outstanding importance. a tradition that must be maintained. Such research 
schools foster international collaboration, young people of all nations seeking 0 
take research degrees in them, attracted by their research activities and renow™ 
The future is in the hands of these research schools and the workers they produce: 
These workers will be those selected for the team work that is necessary for the 
solution of the long-term and difficult research problems such as exploration 
of ideas for new techniques, examination of mechanisms, development of new 
instrumentation, solution of hitherto intractable problems. This kind of research 
is most suitable for post-doctoral work, the Ph.D. training being an intermediate 
stage between undergraduate studies and true advanced research. 
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As Wotiz [48] has remarked, іп some countries the Ph.D. degree is not 
awarded until the recipients are in their mid-thirties, and another ten years or 
more of sustained research may be needed to obtain a D.Sc., whereas American 
or British universities will not hesitate to appoint to their full-time teaching 
staffs recent Ph.D. graduates, sometimes less than 25 years old. 

Team work is best conducted with staff starting in their thirties, in order to 
have a young team, but this means that the Ph.D. should be obtainable by workers 
in their mid-twenties. 


How? 

Any scientific research must start with a literature search, although some 
workers are said to advise students пог to read anything on the subject, so that 
they do not start with preconceived ideas. Sometimes a computerized search may 
be made, but as already said, that presupposes that the relevant literature has been 
adequately abstracted and committed to computer memory. 

For complex or interdisciplinary research, adequate equipment and resources 
must be available. Much modern research involving instrumentation may require 
à very large investment (with rapid depreciation) in equipment and materials. 
Nuclear reactors, for example, are extremely expensive (and unobtainable second- 
hand), and even a multichannel spectrometer may represent the lifetime income 
Of a small tribal village in an underdeveloped country. 

There are those who consider scientific research as a costly hobby. They are 
quite right if the research has no valid or perceptibly achievable objective in terms 
of global human needs. Even when the research is valid in these terms, and done 
With all thoroughness and conscientiousness, if it proves fruitless it has diverted 
Money and effort from other work that could well have proved more beneficial. 
Unfortunately, research has come to be regarded as sacrosanct, although the 
triviality of much of it is at once obvious to an intelligent enquirer, and to 
Question its aims and validity is treated as heresy. 

Of course, this is not to deny that lack of adequate equipment and resources 
can hamper research work; the modest results in biochemistry in the past are an 
ample illustration of the point. We wish only to draw attention to the fact that 
Science is often unscientific in that it fails to question itself, and that the channel- 
ling of funds into research seems to be as much a matter of fashion, self-esteem 
(and possibly self-interest?) as of objective appraisal of the likely worth of the 
results of the work. 


What for? 

We cannot speak about a research without a purpose. Even alchemy had an 
The main goal of scientific research is to 
ng conditions, 
sense of the 


e din though it proved chimerical ` О T 
man free, i.e. to think freely, to improve his life and workir 
and to ensure progress. A true scientist is a free man in the true | 
Words, because he possesses freedom of thought and audacity in investigation. 
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Science is traditionally international; it does not belong to one nation alone. 
It is erroneous to speak about secrets of research, because the results of a research 
may be found sooner or later by other scientists in various countries. To keep 
secret the results of a fundamental research merely delays the progress of science. 

It is said “To know is to be strong”. If a scientist becomes strong through 
knowledge, it is nonsense for him to fear that his research results may be stolen. 
This mentality of secrecy belongs to the past and the politicians (both scientific 
and non-scientific); the results of fundamental research are published and are 
rapidly known to all people working in that particular field. The only danger of 
having results stolen may arise during publication, if an unscrupulous referee 
delays a paper while pushing through a plagiaristic piece of work and claiming to 
have originated it, but such an action, once discovered, would completely 
discredit its perpetrator. 

There is an indivisible connection between fundamental and applied research. 
Thus Laitinen [49] has commented “It is useful, perhaps, to remind ourselves 
that basic research is not synonymous with useless research. Rather, by its nature, 
it potentially is of broad, long-range significance. In contrast, applied research is 
potentially applicable in a short time, although its consequences are more narrow. 
The two are by no means incompatible. On the contrary, a mission-oriented 
research project would greatly benefit by a judicious flavoring of basic research”. 
Unfortunately, the fallacy of the undistributed middle remains as potent as in 
Aristotle’s day, and on the basis of a few examples of later important applica- 
tions of what had originally been thought useless work, a mistaken belief has 
grown up that therefore any work is justifiable on the grounds that it may prove 
of immense value at some unspecified time in the future. We have already 
expressed our opinion of this specious argument (p. 28); in our experience there 
are extremely few beggars on horseback.* 

What Laitinen is saying is that any major step forward is based on a new 
interpretation of facts patiently accumulated by hard work, or on a new insight 
into the connection between the facts, but the facts themselves must have been 
intelligently selected in the first place. This is the nature of all advances in 
scientific theory [50]. The same holds for applied research: the problem must 
first be defined, and routes to a solution sought on the basis of experience and 
analogy. If one route fails, another must be tried. It is well known that the 
appearance of a new medicine on the market is preceded by a colossal amount of 
work, sometimes involving many years of research on thousands of compounds 
that have been synthesized and tested. 

Organic synthesis, for example, can be likened to alpine climbing, in that 
the goal can be attempted by various routes. depending on the imagination OF 
audacity of the team. The analogy can be completed if we suggest that the most 
efficient synthesis corresponds to the easiest route to the summit, but the 


*If wishes were horses. beggars would ride. 
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more difficult routes may give more insight into the means of solving the technical 
problems. 

The most remarkable scientific results implicitly assume initiative, audacity 
and imagination on the part of the worker. Unfortunately the published results 
do not always reflect this, there being a modern tradition in scientific writing 
that such emotional aspects should be suppressed, though it was not always so in 
the past. Thus even papers of fundamental interest and importance may at first 
appear ‘flat’ and uninteresting to the reader, since they tend to be written in the 
same style as papers which may merely describe simple adaptations of methods 
or techniques (adaptations that are within the power of any competent tech- 
nician). Fortunately it is not difficult to differentiate between them in terms of 
value. 

Sanderson [51] has posed the provocative question “Can chemistry belearned 
Without understanding?" and given the answer * LL yes, if a chemist is a technician. 
The answer is no, if he is a scientist", but to us this seems to beg the question of 
what is meant by ‘learning’. To us it means understanding, and Sanderson appears 
to confuse learning (which has several meanings) with Pavlovian response, or 
mechanical repetition. In our experience, technicians who do not understand the 
chemistry they are required to use are not much good as technicians anyway. 


With whom? 

We have already partly answered this question. It is clear that any suitably 
trained person can do scientific research, irrespective of its nature, but aptitudes 
and abilities vary, and the members of a research team should be chosen accord- 
ing to their skill in the particular complementary techniques needed. Thus there 
is ©“, the need for more effective utilization of human resources. This is a 
difficult, controversial area, but clearly real costs are incurred from misplaced, 
misdirected, under-utilized, and non-motivated employees" [52]. The research 
team should have proper proportions of research workers and technicians, 
depending on the character of the research. We give as illustration the organiza- 
Чоп of a research team at the Japanese Petrochemical Company Mitsui (Fig. 1.1). 

Choosing the team for interdisciplinary or multidisciplinary research is rather 
difficult, Laitinen [54] says “A distinction is occasionally made between inter- 
disciplinary and multidisciplinary programs according to whether experts from 
Various departments are assembled into teams to seek solutions to specific 
Problems or whether scholars from different disciplines share common research 
facilities to work on problems in the various fields”. The best example is perhaps 
Work on automation in analytical chemistry. The good analyst knows what kind 
of equipment is needed, but must participate in the construction of new devices, 
Usually designed by mixed teams of specialists, chemists, electronic engineers, 
Mathematicians, etc. [55]. The current interest in equipment based on use 
of Microprocessors has resulted in evolution of a new breed of technologists, 
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results, and M ensures rapidity and reliability in processing of 
maturity nk gar E nm таак research equipment is reaching a state of 
with the details of its : e equate for it to be used by non-specialists unfamiliar 
With packaged instrun СЗАН and manufacture. Nevertheless, as is always the case 
Principles underlying танула the user is well advised to study the fundamental 
applications [56] g the measurements he is making, in order to avoid nonsensical 
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ER come а with other specialists, participation in conferences 
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CHAPTER 2 


Teaching Analytical Chemistry 


2.1 INFORMATION 


2.1.1 General Information 


“The electric current could never possess such power as the electricity 
contained in the printed word" [57] 


In any domain of human activity, to be informed is now a prime necessity- 
Information is not only a social requirement but also a psychological necessity: 
To communicate with other human beings, an individual can develop psychically 
only if he continuously develops his knowledge and accumulation of information. 

The multitude of human activities and the whole of civilization are based 
on transfer of information, which represents for man the most reliable way to 
achieve mutual understanding and present projects and to ensure future progress: 

Scientific information is that obtained during scientific research. It ensures 
for science a connection between research and material production, and between 
Science and other human activities. 

The appearance and evolution of scientific information are consequences of 
the development of science. There is a feed-back to science from the in formation 
it produces, so scientific information is in a sense self-generating, and because it 
is largely uncontrolled proliferates rapidly; hence the literature or information 
‘explosion’. It is a branching chain reaction. 

The era of the individual investigators is almost over. Current scientific 
progress is generally regarded as strongly dependent on documentation of 
the existing data and accumulated knowledge in a given science field and the 
application of information science to its organization and retrieval. 

The amount of accumulated scientific knowledge has increased tremendously 
within the last few decades, the interaction of man and science falling into three 
main periods, as follows [58]. 

In the Renaissance, a scientist could know practically all human knowledg 


in almost all domains. As an example, Pico de la Mirandola claimed to know the 
*whole' science. 
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At the beginning of the present century, a physicist, chemist or naturalist 
knew virtually all the scientific results in his field. The French chemist Marcelin 
Berthelot said on his death-bed: “You are present at the death of the last man 
who knew the whole of chemistry". 

Today, at the start of the ninth decade of our century no scientist can have 
read all the papers in his own research field. and the number of scientific or 
technical disciplines is continuously growing. The age of specialization has 
arrived. 

Any research work must begin with a literature survey. To neglect it is 
to risk ‘rediscovering’ facts already known, or what is worse, to find erroneous 
Solutions to research problems already solved. In exchange, when the work 
is complete the results should be made accessible to other people; otherwise the 
Work is not a true contribution to progress. 

The earliest significant step in the spreading of information was Gutenberg’s 
invention of printing. Over five centuries elapsed before the appearance of the 
Present ‘Gutenberg Galaxy’, the overwhelming amount of printed information. 

From colloquial discussions between groups of scientists or correspondence 
between colleagues having similar scientific interests, the first scientific societies 
were created in Italy, England and France in the second half of the 17th century, 
and these gave rise to the first periodical publications, such as Accademia del 
Cimento in 1657, or Philosophical Transactions and Le Journal des Scavants in 
1665 [59]. The number of scientific journals thereafter rapidly increased, as the 
volume of knowledge increased: 10? journal titles were recorded in 1800; 10? in 
1850; 10* in 1900 and 10? in 1960. If this rate of growth is maintained, at the 
end of this century there will be about a million titles. 

These data fit the exponential expression: 


x = 20-19) 


where x is the number of journal titles at time z, m the time interval in which 
the number of journals is doubled, and to is the date of the first journal. If тт is 
taken as 17-18 years, and ѓо as 1680, we get the following results: 


2220/17 ~ 10,000; 


Il 


Xiggg = 2529/8 100; 1900 


2280/17 ~ 100,000 


Xigso = 2170/18 ~ 1000, X960 


Which agree with UNESCO statistics [60]. 2 

The famous library of Alexandria founded by Ptolemy I, King of Egypt, about 
300 B.C., contained over 600,000 parchments (equivalent to about 100,000 
books of today) [61]. By comparison, contemporary libraries are immense. The 
American ‘Harvard’ library has over seven million volumes, the library of Moscow 


State Universi ty receives a million volumes yearly. 
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The parallel in development of science and its literature is graphically 
brought home by the fact that 90% of all scientists since the world began are 
alive and working today. 

The number of research workers doubles in ten years, so of course there is 
a corresponding increase in the number of scientific publications. However. the 
number of fundamental discoveries takes about 45 years to double. 

The scientist at present is faced with an annual production of approximately 
2,000,000 articles. 75,000 -120,000 books, 300,000 patents and inventions. and 
an unknown but large number of unpublished scientific reports [59]. 

Because of the increase in the number of scientists and their productivity, 
and other factors such as new reproduction techniques (photocopies etc.) the 
amount of information circulated in the developed countries in 1985 will be 
about five times that in 1970 [62]. 

If to this enormous scientific production we add the knowledge accumulated 
in the past, it is obviously practically impossible for a specialist to know all the 
papers related to his scientific interests. The quality of his scientific creativity I5 
to some extent conditioned by this fact. 

Unfortunately for science, a great deal of the contemporary information 
arises from redundant papers or papers of low scientific value and content. 
Boutry [63] says much the same: “the variation and the volume of publications 
are generally independent of their content, ... or almost 80% from scientific 
papers could as well never be published ... or the volume of papers of the paid 
research workers taken in their totality, risks not to be determined by what they 
wish to communicate as new or useful, but by the fact that they must publish 
something at regular intervals of time". 

Brown [64] draws similar conclusions: “There can be no doubt in the mind 
of anyone dealing with scientific literature that much need never be produce 
and of that which justifies its appearance, 80 per cent could be improved by 
drastic reduction in length and by clear writing". 

Many scientists consider that restrictions should be imposed, in the first 
place by the authors themselves, so that a given piece of work is published only 
once, and not several times under various disguises. Far too many articles are 
redundant in content. According to UNESCO statistics, of every 100 publishe 
papers, only 5 are useful for the development of science. в 

The same thing has happened with scientific books. Moravia [65] 527% 
. the first condition for a book to be truly ‘read’ is that that book be truly 
‘written’. ... The book will be saved if books will be ‘written’, otherwise it will 
perish if we shall limit ourselves only to ‘print’ them". i 

The sheer volume of information available produces the risk that man will 
be transformed from the master to the slave of information, from a critical filte" 


| i з ind to 
toa supersaturated storehouse of information, from a brilliant creative mind t 
a mechanical collector of truth. 


“ 


The confrontation between scientists and the results of their own activity 
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Sometimes leads to problems, caused by various factors such as the amount of 
informational material, language difficulties. different types of information 
transfer, etc. 

The fear of inflation of documentation is very old. Barnaby Rich (1613) 
asserted: “Опе of the diseases of this century is the multitude of books; the 
world is overwhelmed by them, it cannot digest the plenty of useless printed 
material which is daily produced and widespread in the world” [66]. 

One of the effects of the vast increase in information is that the concentration 
of valuable material is continuously decreasing because of the growing dilution 
with useless facts. Further — just as happens with other natural resources — it 
becomes correspondingly more difficult to separate the useful from the useless 
as the richness of the deposits decreases. 

Е A judicious selection of technical and scientific information should be 
Imposed [67] before it is too late for it to be achievable. 

It has been estimated that 95% of the truly ‘original’ scientific papers come 
from only 5% of the working population of scientists, but these papers might 
Never be published but for the work of the other 95% of scientists who have not 
themselves made important contributions to the development of science. This 
assertion is supported, for example, by the case of insulin. In 1904, the French 
Physiologist Grey observed that intravenous injections of pancreas extract reduce 
the glucose content of animals which have had their pancreas removed. The same 
Observations were subsequently made by Minkowski and von Mering, but they 
did not see the implications for treatment of diabetes. In 1921, the Romanian 
Physiologist Paulescu published the results of his research on the isolation of 
the hormone pancreatine (insulin), which had a hyperglycaemic effect. In 1922, 
Bauding culminated his own researches by using pancreatine extract for the cure 
9f diabetes, 
of Ns development of scientific knowledge has resulted in diversification 
1 ormational resources, into (a) direct communication (scientific meetings, 
3 ete.), (b) documents and (c) access material (catalogues, index cards, 

Puterized storage and retrieval etc.). 

The most important documentation sources may be subdivided into: 


(1) Primary sources (periodicals, reports, patents), 
(2) Secondary sources (abstracting journals, lists of titles of conference and 
Journal papers), 
(3) tertiary (special) sources and services (bibliography of bibliographies). 
Р The research worker may spend up to 30-35% of his working time on 
°cumentation, to the detriment of his laboratory activity. This is one reason 
Why he may resort to use of well-organized documentation services. 
In the past, information was transmitted by rather rudimentary means. The 
Modern method is by ‘transplantation’. For this the information must have a 
SUpport: paper on which information is printed, punched cards, punched tape, 
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magnetic tape, etc. This method of information transmission presents the 
advantage of low noise but has the disadvantage of low transmission rate. 

Another ‘support’ for information transmission is provided by electric or 
electromagnetic signals. The transmission rate is thereby considerably increased, 
but the information may be disturbed during transmission. 

The accumulation of a large number of scientific data in different domains 
necessitates their statistical processing, which in essence is a synthesis of collected 
and processed data. Electronic computers facilitate the operations of statistical 
processing. 

The development of informational transfer necessitated a corresponding 
development of means of collecting, transmitting, processing and storing informa- 
tion. The discovery of writing, the invention of printing and transmitting devices 
all contributed to the use of information. 

The abacus may be considered the first device for information processing- 
Then in the 17th century Blaise Pascal invented the first arithmetic machine 
with toothed wheels. Mechanical or electromechanical arithmetic machines were 
later invented by Babbage, Turing and others. 

At the end of the fifth decade of this century, the first electronic computer, 
valve-operated, was constructed at Harvard University. In the following 30 
years, the second (transistor and semiconductor) and third (integrated circuit) 
generations of computers appeared, closely followed by the fourth and latest 
generation, characterized by the use of high-density generalized integrated 
circuits and MOS (metal oxide on silicon) type memories. 

Many feel that we can now answer ‘yes’ to the question “Can mankind 
solve the problem of the informational explosion?” this optimism being based on 
the one hand on the potential capabilities of the human brain and on the other 
on the development of the necessary technical means, namely the electronic 
computers. They point to the use of electronic computers for the organization 
of subject and author indexes [68], as an example. At present, over 70 journals 
use computers for this purpose, sometimes with unhappy results. Other journals 
are experimenting with synoptic publication coupled with microfiche or microfilm 
storage of the full text, and other means of rapid documentation and selective 
transmission of information. 

The progress achieved so far by informatics (the science of automatic 
processing of information) has led to the prediction that by 1995 all information 
will be stored only centrally and made universally available to users. 

Others take a more pessimistic view, on the grounds that computers do not 
exercise value judgements, so storage and retrieval systems will give as much 
dross in the output as was in the input. In other words a new science of analytical 
informatics is needed to perform the operations of analytical chemistry (separa 
тне ی‎ on the raw material (information) of sient 

ing, the information given to the unfortunate use 


of the informational services will require him still to sacrifice laboratory time: 
We shall consider this further in the next section 
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2.1.2 Information in Chemistry 
Like other disciplines, chemistry uses all the ways of transmitting information: 
direct communications, documents and services. 

Direct contacts between specialists, which are an important means of 
transfer of knowledge, have become aleatory owing to the large number of 
Scientists working on a given problem or related research problems. Moreover, 
international participation in the scientific meetings, conferences or congresses 
organized in different countries is somewhat limited for geographical or economic 
reasons. 

- Laitinen [69] comments “Whatever the details of procedure, most of our 
Scientific meetings would benefit from increased participation by our colleagues 
from overseas. Communication of current progress by personal contact represents 
Я largely intangible but nevertheless important stimulus in creative work, and its 
effectiveness should not be severely limited by geographical barriers”. 

The direct study of documents has the advantage that research workers can 
form their own appreciation of the utility of the information, make unforeseen 
associations of ideas, and formulate new hypotheses. 

PRG the immense array of primary documents (scientific and technical 
кү communications, papers, monographs, handbooks, etc.), chemists 
periodical journals in particular. 
в The first chemical journals appeared in the 18th century, such as the 
oe Journal (1778-1784), Chemische Annalen (1784-1803), Annales 
© Chemie (1789), and later the Annalen der Pharmacie (1832), which became 
Liebig's Annalen der Chemie in 1848. The number of chemistry journals today 
IS enormous but only about 200 are ranked high in importance [70]. 
ее... number of journals has increased, 50 has the number of languages in 
survey are written. This makes it more difficult for the research worker to 
36 1a is Original literature. It has been estimated that if a chemist who knew 
mihi е read for 40 hours every week at the rate of 4 papers per hour, he 
жакы ina year only 5% of the primary source papers now published. It is 
Miren" e this avalanche of information that the ordinary chemist turns to the 
неу и Sources of information, obtained by selective processing of the primary 
мечи а » their purpose being to give in concise form the essence of the original 
аай and to state its primary source. 
lunar secondary sources include abstracts, i $c d 
5, computerized indexes [subject, author, title or bibliographic reference, 
jen number, compound name or reference number, alphabetic (CZU), keyword 
э Context (KWIC) or out of context (KWOC), reports], meeting abstracts, 

Ports, reviews, etc. 
ыен prefer mainly abstracts. reviews and imei “eer и i 
soention ше que old, lated, ER published paper 

hey та е кя — e v» eni si his аа енна 
Which vd e said to have been originated by Berze ius in hi ferente, 

gan in 1821 and reviewed all chemical and mineralogical publications 


bibliographies, catalogues, contents 
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that had appeared during the year. Perhaps the first periodical journal to give 
abstracts was the fortnightly Chemical Gazette, established in 1843, and succeeded 
in 1860 by the weekly Chemical News. These were commercial journals and gave 
very rapid publication indeed. The issue of Chemical Gazette for 1 May 1847 
carried a translation of a paper given in Paris on 29 March 1847. The French 
Chemical Society published abstracts in its Bulletin, from 1858 to 1947 (in 
alternate volumes). The German Chemical Society published abstracts in Berichte 
der Deutschen Chemischen Gesellschaft from 1868 to 1896, and then in 1897 
took over Chemisches Zentralblatt (which began life in 1830 as Pharmaccutisches 
Central- Blatt). Zeitschrift für analytische Chemie (1862) published abstracts 
of analytical papers from the beginning, and The Analyst (1876) seems to have 
begun doing so in about 1883. The American Chemical Society published general 
chemical abstracts in its Journal from 1897 to 1906, and established Chemical 
Abstracts in 1907. The Society for Analytical Chemistry founded Analytical 
Abstracts in 1954, as a successor to the British Chemical Abstracts Section С. 
which ceased publication in 1953. | 

An important role in the classification and storage of chemical information 
is played by notation and indexation. | 

In an article entitled ‘Milestones in Chemical Information Science". Skolnik 
[61] briefly presents the evolution of indexation, beginning with Richter's use of 
empirical formulae for tables of compounds (1884), the contribution of Luhn 
(1958-1959), the KWIC system, and processing on the IBM 704, and ending 
with the best results obtained in this domain up to 1975. He also shows the need 
to find new computerized chemical information systems capable of helping 
chemists to correlate chemical structures with properties. : 

Such a wish may be achieved in the near future, as Elgozy [71] asserts: 
“The new world of informatics is too recent a discovery for the pioneers to have 
time to search all their territories, to clear the jungle and to prospect all their 
resources". 

The broadest generalization of information is found in reference works such 
as treatises, encyclopaedias, etc. The first significant encyclopaedia of chemistry 
was the Dictionnaire de la Chimie in 4 volumes by Mocquer (1778). and me 
first important treatises appeared in the 19th century: Gmelin’s Handbuch ae 
anorganischen Chemie (1817) and Beilstein's Handbuch der organischen Chem!" 
(1881). This kind of tertiary source has been extensively developed in the course 
of time. 

In parallel with the increase in volume of scientific and technical information- 
information services have been organized in national or international institutes. 
capable of furnishing bibliographic data, or selected scientific and technica 
literature, survey reports, etc. 

Even so, a few research workers still prefer to consult only a limited апор. 
of primary documents іп the library, ignoring the secondary or tertiary rape 
or the information services, partly perhaps from fear or ignorance of the technica 
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services available, and partly from mistrust of relying on others (although in fact 
they are doing so when they use the primary literature). 

It is interesting to try to assess the efficiency of the various ways of gaining 
information. For example, a study based on a questionnaire [72] on how the 
literature should be studied in American colleges and universities, showed that 
the means of information most used were Chemical Abstracts and Beilstein, and 
to a less extent Science Citation Index. 

Wubbels [73], at Grinnell University (Iowa), teaches students to study the 
chemical literature, in the framework of his organic chemistry lectures. He says: 
“The benefits include possibilities of closer relationships of advanced courses 
to original literature, and better student preparation for independent projects or 
research efforts". 

To estimate the informational efficiency of the chemistry journals, Pinski 
[74] defines three measurements of influence: influence per weight (based on 
ratio of references to and references by the journal). influence per publication 
and total influence. He used for this study 200 chemistry journals cited in 
Science Citation Index (SCI) and an electronic computer to process the data 
relating references and quotations from other journals, and length and number 
of the articles. The results of such a study are given in Table 2.1. The values of 
the three ‘influences’ increase with the informational efficiency. 


Table 2.1 
Influence measures and publication data for subfields of chemistry [70] 


(Reprinted with permission from J. Chem. Inf. Comput. Sci., 1977, 17, 67. 
Copyright by the American Chemical Society) 


c ر‎ а 

Sub field Infl.wt. Refs./pub. Infl./pub. Pubs. Tot. infl. 
GEN CHEM 1.043 15.72 16.40 16089 263809 
BIOCHEM 0.747 20.65 15.42 12049 185749 
ANAL CHEM 0.737 11.78 8.69 4243 36860 
ORGAN CHEM 0.5588 14.24 8.52 5068 50855 
INORG CHEM 0.776 14.47 11.23 2515 28244 
APPL CHEM 0.846 12.22 10.34 2762 28571 
POLYMERS 0.567 11.37 6.39 3224 20614 
PHYS CHEM 1.340 12.37 16.58 7188 119206 


CHEM PHYS 3218 15.71 50.54 3220 162732 
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2.1.3 Information in Analytical Chemistry 
There are twostreams of analytical information: the literature and the laboratory 
experimental work. The two are interdependent in the sense that the experi- 
mental results enrich the literature, which in turn is used to guide, orient and 
develop practical activity in the laboratory. 

As in other scientific disciplines, the output of information in analytical 
chemistry increases yearly. The annual amount of information from all analytical 
chemistry journals is estimated as being 10? bits [74]. so the analyst is confronted 
with a miniaturized version of the overall information problem, and must use all 
the techniques available for dealing with it. By his very nature, he will want to try 
to analyse the information itself. For example, the statistical processing of the 
analytical chemistry journals over given time intervals is particularly useful 
for drawing conclusions about trends in development. 

First, the development of analytical chemistry can be compared with that 
of chemistry as a whole. Brooks and Smythe [75] have examined this for the 
period 1910-1970 and conclude that except for small fluctuations, the rates of 
development are similar. 

From another study [76] dealing with the years 1965, 1970 and 1975, there 
appears to be a small decrease in analytical chemistry publications relative to the 
chemical publications in general (Table 2.2). 


Table 2.2 
Number of publications on analytical chemistry. 
Values in parenthesis are based on the assumption that only half of the papers on analy tical 
chemistry are abstracted in Analytical Abstracts [76] (by permission of the copyright holders, 
Elsevier Publishing Co., Amsterdam). 


1965 1970 1975 
Subject — ——— : = ee 
Number % Number % Number — % 
Ni І ^ pe 
Chemistry 180,000 100 276,600 100 332,300 100 


Analytical chemistry 6640 3.7 (7.4) 9820 3.6 (7.2) 8980 2.7 (5-4) 


The number of analytical chemistry books has increased arithmetically (75] 
as shown in Fig. 2.1, but discontinuously, the influence of the two world wats 
being obvious. There has been a significant increase in the number of journals e 
analytical chemistry, however, as shown in Fig. 2.2, though even the much 
sharper increase after the end of the last world war is arithmetic rather Шап 
geometric. 


It is perhaps most significant of all that over 30% of papers published a 
analytical chemistry appear in a total of only 13 journals. 

These major journals, each containing at least 1% of all articles published, 
are, in alphabetical order: Analytica Chimica Acta, Analytical Biochemistr? 
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rie. 2.1- Number of books on analytical chemistry published in the period 
10-1966 [75] (by permission of the copyright holders, Pergamon Press, Oxford). 
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Fig. 2.2 — Cumulative total of journals catering exclusively (or almost exclusively) 
Or analytical chemistry [75] (by permission of the copyright holders, Pergamon 


Press, Oxford). 
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Analytical. Chemistry, Japan Analyst (Bunseki Kagaku), Journal of Electro- 
analy tical Chemistry, Journal of the Association of Official Analy tical Chemists, 
Mikrochimica Acta, Nukleonika, Talanta, The Analyst, Zavodskava Laboratory a, 
Zeitschrift fur Analytische Chemie and Zhurnal po Analiticheskoi Khimii. 

From a questionnaire addressed to the authors of articles published in 
Analytical Chemistry [77], it appears that those replying considered the most 
important journals to be (in descending order) Anal. Chem., J. Am. Chem. 
Soc., J. Chromatog., Anal. Chim. Acta and Environ. Sci. Technol.. but of 
course this may be construed as reflecting the kind of work covered by the papers 
in Anal. Chem. as much as the interests of those (87%) interested enough to 
reply. 

Influence measures [70] show that generally the most important analytical 
chemistry journals are Anal. Chem. and J. Chromatog. (Table 2.3), in agreement 
with the questionnaire results, though it may be suggested by some that national 
or sectional interests contribute to the influence results. 


Table 2.3 
Journal assignments and influence measures (1973 data) Analytical chemistry [70] 
(Extracted with permission from J. Chem. Inf. Comput. Sci.. 1977, 17. 67. 
Copyright by the American Chemical Society ) 


Journal Infl./wt. | Refs./pub. Infl./pub. Pubs. Tot. infl. 
ANAL LETTER 0.40 TO 2.9 123 353 
ANALUSIS 0.12 8.5 1.1 85 90 
ANALYST 0.82 9.7 7.9 131 1039 
ANALYT CHEM 0.75 20.9 15.6 603 9401 
ANALYT CHIM 0.51 8.9 4.5 344 1555 
J AOAC 1.04 5.1 53 321 1692 
J CHROM SCI 0.94 11.9 11.2 118 1317 
J CHROMAT 0.53 10.7 5.6 631 3553 
J RAD CHEM 0.20 6.4 1.3 143 186 
J THERM ANA 0.34 9.7 3.3 45 147 
JAP ANALYST 0.02 25.9 0.5 231 119 
MICROCHEM J 0.31 7.5 2.3 86 201 
MICROCH ACT 0.43 9.9 4.2 124 525 
TALANTA 0.49 10.1 4.9 155* 763 
Z ANAL CHEM 0.76 6.4 4.9 249 1210 
ZH ANAL KH 0.15 84 13 463 602 


* Р „ж ч 
We think this figure should be 194, and the average number of references per publication 


16.7, so influence per publication should x í not 
checked the other figures ven, ould be 8.0 and the total influence 1587. We have 
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The development of analytical chemistry in different countries can be related 
to the number of articles originating in these countries and published in journals 
of widespread circulation, and to some extent to the language they are written in. 
The contribution of various countries to the development of analytical chemistry 
is presented in Table 2.4, which shows that seven countries have made the 
greatest contribution in roughly the order: U.S.A. > Germany > U.S.S.R. > 
U.K.> France, Japan, Czechoslovakia. Four of these countries contributed 90% 
of the total of analytical papers published in 1910, but only 32.3% of that 
published in 1970. The U.S.S.R. and Japan accounted for only 2% of the 1910 
total but in 1970 their contribution had risen to 36.1%. Seven countries which 
in 1910 published nothing were contributing approximately 17% of the total in 
1970. И 
| Authors tend to be nationalistic in choosing a journal to publish in. In 1976, 
for example, 46% of the articles published in The Analyst came from the U.K., 
8.8% from India, 8.3% from the U.S. A., 5.2% from Canada, 5.3% from Australia, 
etc. [78]. Again, most papers published in Analy tical Chemistry are American in 
Origin, but the number of foreign papers doubled between 1969 and 1977 [77]. 
mainly coming from Japanese (7%), О.К. (5%), Australian (5%) and Netherlands 
(4%) authors [79]. The papers published in Analy tical Chemistry come from the 
following types of laboratory: academic 62.3%, industrial 18.6%, governmental 
12.3%, others 6.8% [79]. 

Finally, the number of languages in which analytical papers are published 
has increased. In 1910 the articles were predominantly written in English (50.6%), 
German (32.9%) and French (12.4%). In 1970 the importance of these languages 
had Obviously diminished, the figures being English (30.3%), German (8.1%), 
French (3.6%), and other languages had increased in importance: Russian 
(28.4%), Japanese (7.7%), Czech (5.6%), Spanish (2.6%), etc. [75]. 

The trend of development or regression in research on the analytical 
Methods used within the period 1950-1970 is presented in Fig. 2.3. We stress 

research’ in this context, because it is virtually impossible to arrive at a realistic 
Appraisal of the extent of use of the methods; it is interesting, however, that an 
attempt at such a survey elicited the information that titration is the most 
frequently used method. 

Р Figure 2.3 shows that research in methods such as organic polarography, 
atomic absorption, atomic fluorescence, N.M.R. and nucleonics has obviously 
tended to increase markedly. Raman spectroscopy has undergone a resurgence 
Since 1956, Classical techniques (gravimetric and titrimetric) remain remarkably 
constant in popularity as research topics, which is interesting in view of the 
Continuous propaganda in support of instrumental methods. Separation methods 
also remain popular, except the distillation techniques, which are in decline. 

The general trend of development of analytical methods has been examined 
by Fresenius [80]. Like other techniques, analytical methods have an evolutionary 


Period, followed by expansion and consolidation, and then become static or go 
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Table 2.4 
Percentage of analytical work carried out in various countries [75] (by permission of the copyright holders, Pergamon Press, Oxford) 


Year 
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into decline. It is interesting to see how this applies to currently popular analytical 
methods. 


10.000 EEjectrometric | [Absorptiometric | [Spectrometric | 
Е methods and emission methods 
E methods NMR 
1.000 
M R 
100 
№ 
10 A 


Year 1950 1960 197019 4960 19701950 1960 1970 


10.000 - - - 
Gravimetric Other methods] [Separation 
titrimetric an | methods 
micrachemica 
methods 
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Year 1950 1960 19701950 1960 1970 1950 1960 1970 


Fig. 2.3 Methods used in analytical chemistry during the period 1950-1970. 
Data expressed as percentage of total numbers of papers. AM, amperometry; 
P, organic polarography; Р, polarography; PO, potentiometry: AA, atomic 
absorption; AF, atomic fluorescence, F, fluorimetry; 1, infrared spectroscopy; 
P, Spectrophotometry; X, X-ray fluorescence; R, Raman spectrometry ; M, mass 
Spectrometry; NMR, nuclear magnetic resonance; IGT, inorganic gravimetry and 
titrimetry; IM, inorganic microchemistry ; ОСТ, organic gravimetry and titrimetry ; 
M, organic microchemistry; E, electron microscopy; N, nucleonics; pu thermal 
analysis; C, chromatography; D. distillation; EP, electrophoresis; EX, sumen d 
, Bas-chromatography; IE, ion-exchange [75] (by. permission of the copyrigh 
holders, Pergamon Press, Oxford). 
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Brooks and Smythe [81] have made a detailed study of the development 
of atomic-absorption spectrometry. They show (Fig. 2.4) that between 1955 
and 1970 the development of this technique can be described by a sigmoidal 
(logarithmic) curve. In comparison with 25 articles on atomic-absorption written 
in 1960, which represented 0.25% of the total number of articles on analytical 
chemistry, in 1970 there were 662 articles, or 3.4%. Figure 2.4 also shows that 
the proportion of papers on atomic-absorption spectrometry in the literature 
stabilizes at 4% in the first six months of 1970. The articles on atomic-absorption 
spectroscopy are about equally divided between those dealing with the equipment 
and those on application [81], as shown in Table 2.5. 

Braun, Lyon and Bujdosó [82] have similarly examined the literature of 
activation analysis. They conclude that over the last 35 years the number of 
published articles has doubled every 3 years, as shown in Fig. 2.5, but the 
growth-rate of publications on 14-MeV neutron generators has decreased in 
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ш Publication rate of atomic absorption papers [81] (by permission 
of the copyright holders, Elsevier Publishing Co., Amsterdam). 
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$ Table 2.5 
егсепіаре of atomic absorption papers in various general categories [81] 
(by permission of the copyright holders, Elsevier Publishing Co., Amsterdam) 


Year 
Category 

1961 1963 1965 1967 1969 1971 
Agricultural 3.6 1.8 3.3 4.9 4.9 5.4 
Biological 17.9 10.9 19.8 17.9 179 129 
Food a 1.1 4.6 2.0 3.3 
Geochemical 3.6 3.6 10.9 9.8 10.4 10.2 
Industrial 3.6 5.5 9.9 8.4 9.3 9.7 
Instrumental 25.1 49.1 39.6 44.2 44.6 47.9 
Metallurgical 14.2 20.0 7.7 7:7 9.2 9.8 
Reviews 32.0 9.1 7.7 2.5 1.7 0.9 
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the period 1959-1973 (Fig. 2.6). The same authors have established ‘ages’ for 
the development of neutron generators, as shown in Fig. 2.7. 


Tye” 6.4years 


Та= 2.3 years 


Tq= 1-1 years 


Fig. 2.6 — Growth of publication on activation analysis by 14-MeV neutron 
generators [82]. ( Reprinted with permission from Anal. Chem., 1977, 49, 682A. 
Copyright by the American Chemical Society.) 
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Fig. 2.7 — Four ages of neutron i i issi 1 
generators [82]. (Reprinted with permission from 
Anal. Chem., 1977, 49, 682A. Copyright by the American Chemical Society.) 
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TIO ai cnc frequently used in analytical chemistry is chromatography. 
> n к соети [76] have examined the trends in its development. 
tonsa pu à ished papers chromatography shares first place with spectrometry 
м н ytical methods (Table 2.6). It is particularly useful in the analysis of 
mpounds and gases, as seen from Table 2.7. 
E ii techniques in general, the individual types of chromatographic 
wax and wane in popularity as fashions come and go (Table 2.8). 


Pe | Table 2.6 
т of publications on separate branches of analytical chemistry [76] 
Y permission of the copyright holders, Elsevier Publishing Co., Amsterdam) 


Method 1965 1970 1975 
Chromatographic 24 30 27 
B chromatographic 8 11 9 
Кашу (EPR, NMR, photometry) 36 37 36 
ciectrochemical 10 13 20 

— —nvimetric, titrimetric, etc. 30 20 17 
Table 2.7 


Percent; 
Pham T of publications on different branches of the analytical chemistry of 
1с compounds and gases [76] (by permission of the copyright holders, 


SERRE e Elsevier Publishing Co., Amsterdam) 
Mee ы Method 1965 1970 1975 
Chromatographic 39 48 44 
5 as chromatographic 14 17 l5 
pieetroscopie (EPR, NMR, photometry) 29 29 31 
наои 17 16 18 
Tavimetric, titrimetric, etc. 15 8 7 
Table 2.8 


Distribution of publications according to type of chromatography [76] 


(b ae 
Y Permission of the copyright holders, Elsevier Publishing Co., Amsterdam) 
1975-76 
Type 1970 (first 6 months) 
"is Chromatography (GC) E i 
jn chromatography (PC) = s 
n-layer chromatography (TLC) 5 9 


Col Жаз 
umn liquid chromatography (CLC) 26 39 
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Though such ‘informatics’ studies are interesting. and useful in indicating 
trends, the sceptic will wonder about the validity of some of the criteria used. 
Specialist journals tend to be inbred in terms of the citations in references, for 
example, and it is notoriously easy for authors to quote their own work to the 
exclusion of that of rivals. There also tend to be the nationalistic tendencies on 
the part of some authors, which may lead to an imbalance in the consultation 
of journals and hence in citations. The results are probably best treated as 
qualitative rather than quantitative. 

In other applications, however, information theory may give more objective 
criteria of quality. For example, it has been used for choosing the best combination 
of chromatographic columns to use for identification purposes in gas chromato” 
graphy [83,84]. Further, while it is traditional to assess the performance of anew 
analytical method by statistical analysis of the results, an additional criterion 15 
obtained by applying information theory to determine the informational power 
of the technique [85]. | 

Because of the exponential increase in information, the accompanying 
increase in entropy is too large to be dealt with by the ordering capacity © 
the human mind without assistance, and that is why attention has been given 
to the use of computerized processing and retrieval methods, coupled with 
development of pattern recognition and machine identification methods [85. 86]. 

We conclude this section with Garfield’s observations [87]: “One can argue 
that it is primarily the impact of the computer that has accelerated the transition 
of the laboratory chemist into the information chemist. Sociological j au 
behavioral changes of this kind are not easy to measure. However, in addition 


/ г Pines ‚ is fat 
to computer conciousness I believe the average working scientist today 18 f 
more information conscious than his counterpart 25 years ago". 
2.2 EXPERIMENTAL 

only 


Experience is the interpreter of the wonders of nature. It never misleads US: ' 


sept 
{ acceP 
our grasp of it can do that. Until we can establish a general rule, We Шыл the 
the aid of experience. Though nature begins with the cause and t cause 


experience, we must do the reverse and use experience to discover the 
Leonardo da Vinci 


2.2.1 Reactions 


onts 
In an article entitled **Chemicals: How many are there?", Maugh [88] commen 
that *one measure of the answer is provided by the American Chemical Socie ter 
Chemical Abstracts Service (CAS). As of November 1977 CAS's unique sone 

registry of chemicals contained 4,039,907 distinct entities. The pumbe | 
chemicals in the register, moreover, has been growing at average rate О 

6000 per week”. It is obvious that the number of known chemicals will со 
to grow, probably at an increasing rate. 
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educ Wr chemicals forces analytical chemistry to develop new 
ioa ue di es ain. ШЕШУ reliable identification of substances, which is 
iti Automation poe for té rapid development of instrumental techniques 
füist be keot з : eae Supe on the need for techniques for identification 
have been a ela оды Rear For one thing, most of these chemicals 
Siete ‘other яд ба course of pure research, and are unlikely to be met in 
thie themieale 0 intermediates in the synthesis of other compounds or as 
Siti аы of museum specimens of insects, plants, minerals, etc. The 
small (though Poua шау used in industry or everyday life is comparatively 
lo oceur Mica i a "y large number), and the number of these that are likely 
thie асе d pn iine; iow samples in significant amounts (which may be at 
history yn e d is smaller still, and is generally predictable from the 
Psi toun Amp e, the nature of the compounds, and their preparation or 

rence. 
oo. a prerequisite for identification is a sound knowledge of 
Most instrumer via even when purely instrumental methods are used. Moreover, 
Preliminary nig meod have a resolving power sufficiently low for some 
Understood min processes to be necessary, and if these are not properly 
that chemists i applied, the results may be erroneous. It is therefore imperative 
thorough ee general and analytical chemists in particular should receive 
ог ignored in 2 in reaction chemistry ; unfortunately this is often forgotten 
reaction ditis un chemistry courses. It is equally ‘unfortunate that when 
to yield E TY is taught, it is often done purely qualitatively, without regard 
between na reaction conditions. Here lies the quintessential difference 
that йет ушы chemistry and organic or inorganic chemistry. The result is 

5 are often taught by means of partially true statements which are 


left u 
nqualifi 
qualified, so that the student is left with the belief that they are wholly 
ese(III) is readily made from 


Tue, A 
s typica 2 
Ypical example is the statement “mangan 
if there is a very large excess 


Mangane: 

oft a and permanganate”; it is, but only 
In ks у and even then in very low yield. | 

irically ele reactions for analytical purposes were used mainly 

JY the Sw n important role in ordering this empirical material was played 

' emi edish chemist Torbern Bergman. As Szabadvary remarks [89]: 
Cal analysis had been practised for two thousand years before Bergman, 


Ut is 
Wa : = 
Chemisty who gave it the status of a separate branch of science — Analytical 


emp 


echanisms must always play 
ining and research, since of 
ill proceed quantita- 
der which 


TI 

sn CR oai of chemical reactions and their m 

ssity he aae the analyst, in both his trainin 

ly or inis st identify and use those reactions which w 11 

My will _ pletely reproducibly, and must know the conditions un 

А = н. сап be made to — do so. 

ог lye Important performance characteristics 
al purposes are sensitivity, selectivity and 


Nece 
tive 


[90] of the reactions used 
reproducibility. We can act 
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on these parameters only if we know thoroughly the ‘chemism’ of the reactions, 
in other words, have a sound fundamental knowledge of chemistry. 

As Feigl [91] observed in the foreword of his book Chemistry of Specific, 
Selective and Sensitive Reactions: “Thus, studies and researches on the cause of 
specificity, selectivity and sensitivity of analytical procedures deserve attention 
for the following reasons: they extend the scientific basis of analytical chemistry; 
they furnish important points of reference and orientation in the research for 
new, analytically applicable reactions; and they initiate and stimulate work in 
many special fields of chemistry”. 

The study of reactions and the conditions under which they are used in 
analytical chemistry has been the subject of many books. We mention here those 
by Ringbom [92], Perrin [93] and Inczédy [94]. 

The study of chemical reactions is necessary for the future chemist to learn 
what chemistry is, in the same manner as learning about laboratory instruments 
shows him how to apply them. The use of properly chosen reactions in conjunc- 
tion with an appropriate instrument gives perhaps an ideal connection of theory 
with practice. 

For these reasons, modern teaching of analytical chemistry should contain 
a judicious mixture of reaction chemistry and instrumentation. Any large 
imbalance in the proportions may reduce the efficacy of the future research 
worker or specialist. 

From the very structure of knowledge, it is obvious that the study of 
chemical reactions is self-propagating and practically unlimited. A new reaction 
introduced into analytical practice will be studied for many years and by 
many research workers, for optimization of operational parameters, study of 
the mechanism, structure of the products, etc. Whether these factors are of real 
importance or not, they will be seized on as raw material for the research 
factories. 


We can illustrate this very well by considering the history of organic analytical 
reagents. 

The use of organic reagents in analytical practice began in the 1 7th century: 
“Otto Tachenius, Pharmacist and Physician from Westphalia, describes in 5016 
detail (1666) the reactions of the aqueous extract of gall nuts with solutions of 
several metal salts, and thus may be credited with the publication of the first 
systematic examination of an organic reagent for metal ions” [95]. 

In the early stages, of course, the chemist (in his capacity as an analyst) had 
only a limited number of natural products available as organic reagents, and it 
was not until organic synthesis had been developed that a wide range of reagents 
was possible, and still later before systematic design and production coul 
begin. 
| Table 2.9 shows some of the earliest synthetic organic reagents introduced 
into analytical Practice, and still in use today in a variety of analytical techniques: 

It is not sufficient, however, simply to know which chemical reactions may 
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be used in analytical chemistry. It is necessary to get maximum information 
from them 


Table 2.9 
Organic reagents for metals (used for precipitation, extraction, absorptiometry 
or fluorimetry) [96] (by permission of the copyright holders, the Royal Society 
of Chemistry) 


Reagent Date 
&-Nitroso- B-naphthol M. Ilinsky and С. von Knorre, 1884-85 
Spot tests Е. Feigl, 1891+ 
Dimethylglyoxime L. H. Tschugaeff, 1905 
Cupferron O. Baudische, 1909 
8-Hydroxyquinoline R. Berg, 1938* 
2-Methyl-8-hydroxy quinoline L. L. Merritt and J. K. Walker, 1944 
Biquinoly! 1. Hoste, 1953 
Morin E. B. Sandell, 1940 
Dithizone H. Fischer, 1925 


Authors’ notes: 


ТТА is Feigt’s year of birth. 
i ks date should be 1927; F. L. Hahn and К. Vieweg developed the use of the reagent 
ч “pendently of Berg. 


Findeis er al. [97] give a good definition of the activity of an analytical 
chemist; “Today the analytical chemist is concerned about a wide spectrum 
of Measurements, He is involved not only in determining what and how much 
(Present (composition), but also what form (structure), how it is bound 
Valence), where it is spatially (location), and how uniformly it is distributed 
(homogeneity y a | 

L follows that analytical research and the teaching and application of analysis 
е Ow Very complex, the teaching having the duty to show to the future 
шша all these aspects of analytical science. An — is gs a A 

aL on of ым al ions with vic-dioximes. After the intro 
اسای‎ practice by Tschugaeff, the main interest ier 
м я Use for gravimetric determination of nickel. Owing to the high sis cps 
н, "action, a series of research workers studied the possibility cts а 
igen of this kind for other metals, and of developing new ben [es aoi wm 
: 116 dimethylglyoxime. The selectivity of this reagent 15 main y decipi 
Olubitity of its complexes with nickel, palladium and platinum. 
E the Complexes "ini A such as magnetic ا‎ aD Ss 
igang abli * -planar co-ordinatio 

"ean 8 per seg га heb рее the ligand nitrogen atoms. 
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From pH measurements and the reaction with acetic anhydride. phenyl 
isocyanate, dimethyl sulphate and methylmagnesium iodide, it has been proved 
that one of the hydroxyl group protons on each ligand must be dissociated in 
order to give a neutral complex, and the other is rendered inert because of its 
involvement in hydrogen-bonding to the O^ group resulting from the dissocia- 
tion. Spectral studies of the compounds with vic-dioximes have led to their use 
in spectrophotometric methods. Structural studies by X-ray diffraction confirmed 
the data obtained with other methods and also revealed weak metal-metal 
bonding in the insoluble compounds. All these studies have been associated with 
use of the vic-dioximes in analytical practice. Tables 2.10 and 2.11 show some of 
the applications. 


Table 2.10 
Analytical applications of the vic-dioximes. Gravimetric methods [98] | 
(Reprinted with permission from Anal. Chem.,1970, 42, No.14, 56A. Copyright 
by the American Chemical Society.) 


References to 


Nickel Reagent(s) 


Procedures 


Nickel, macro 


Nickel, micro 
Palladium 


Heptoxime 
4-Methylnioxime 
4-Isopropylnioxime 
Heptoxime 

Nioxime 
4-Methylnioxime 
4-Isopropylnioxime 


Voter, Banks, 1949 


Banks, Hooker, 1956 
Banks, Hooker, 1956 
Ferguson et al., 1951 
Voter et al., 1948 

Banks, Hooker, 1956 
Banks, Hooker, 1956 


Table 2.11 
Analytical applications of the vic-dioximes. Extraction methods [98] | 
(Reprinted with permission from Anal. Chem.,1970, 42, No.14, 56A. Copyright 
by the American Chemical Society.) 


References to 


Metal Reagent(s) Solvent Procedi 
Nickel Heptoxime CHCl, Bushs ei af. 1950; 
Gillis er al., 1954 
4-Methylmioxime CHCI; Hooker, Banks, es 
4-Isopropylnioxime CHCl, Hooker, Banks. Hs 
4 Isopropylnioxime Xylene McDowell et al., 19° 
Palladium Dimethylglyoxime CHCI4 Nielsch, 1954 » 
4-Methylnioxime CHCl; Hooker, Banks, 1959: 
Banks, Smith, iit 
4-Isopropylnioxime єнє Hooker, Banks, 195 
Rhenium 4-Methylnioxime CHCI Kenar 3f ol 1961 Ж 


— 
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| Another reaction noted for sensitivity and selectivity, and used for deter- 
mination of SO, in the atmosphere, is that proposed by West and Gaeke [99]. 
The reaction has three steps [100,101]. 


(a) complex formation: 
несі + SO, + H,O > [HgCl; SO," + 207 + 2n* 
(b) reaction between this complex and formaldehyde: 
[HgCl;SO;^- + HCHO + 2H* > НЕСІ, + HOCH,SO3H 


(c) reaction of the hydroxymethylsulphonic acid with pararosaniline 


hydrochloride: 
CINIL, 
NHCH;SO;H 
Ma МИСІ + 3НОСН,5О,Н = nosenu: 
CI 
NHCH,SO3H 


ES purée. of this reaction is very good, the detection limit being approxi- 
Sulphamic нат [102]. To avoid interference from NO, o-toluidine [103] or 
1с acid [104] can be added. 
of ih, Gisadvantage of the method is that the colour reaction is slow. Automation 
Teprodu hay [105] can overcome this disadvantage because the — 
uring ie of the automated technique permits measurement to е е 
expen te colour development instead of after its completion, but only at the 
m ofa Corresponding decrease in sensitivity. | 
Бе геарепіѕ һауе Бееп tried in attempts to overcome this ae tee 
Which Ss of reaction, such as 4-(4"aminophenylazo)-1-naphthylamine h j 
Чох ives particularly high sensitivity, allowing determination of sulphur 
e in solution at the 0.07-2.4 ug/ml level. А 1:1 complex is formed. 
Уе on the detection and determination of SO; are still going оп. because 
Tole as a pollutant, The pararosaniline method has undergone a series of 


impr 

Оу А naue : | 

ements [107] as a result of optimization of the important parameters 
» reduce problems 


ontrol the pH in 
he complex, and 


Gan уан is specially purified and standardized tg 

the final “with its variability. and phosphoric acid i$ = to : 

to cop, Colour development, liberate sulphur dioxide from 
plex heavy metals. 
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We have chosen this example to emphasize the importance of a systematic 
study on the conditions and the reaction mechanism. 

Another reagent of particular analytical interest with regard to sensitivity 
and selectivity is [(3,4-dihydroxy-2-anthraquinolyl)methyl]iminodiacetic acid 
(Alizarin Complexan or Alizarin Fluorine Blue), proposed by Belcher, Leonard 
and West [108]. 

This reagent was initially proposed as a complexometric indicator for the 
determination of Zn, Pb and Co. Among its other uses, the most interesting 15 
the reaction with fluoride. 

Belcher et al. [109,110] discovered that its red complexes with cerium(IID. 
lanthanum, praseodymium, and to some extent also samarium, produced blue 
water-soluble complexes with fluoride ions. The reaction is generally regarded as 
the only colour reaction of the fluoride ion (although another has recently been 
proposed [111]). | 

Leonard and West [112] attribute the blue colour to a ternary complex with 


fluoride. The normal cerium complex has the structure (1), the ternary complex 
structure (П). 


- 
HO HO H20 
н. Р: yh, EY A 
9 о 0—26 0 O 0 6... 
(К $a dp 
| 1 
cH, | CH, p lr 
б CH, N | CH, — 
(0 (11) 


This reaction has been extensively studied and applied. е 

The prize examples of reactions with high sensitivity and specificity "E 
perhaps those of chemiluminescence and bioluminescence. Chemiluminescer? 
measurements are highly specific compared with conventional techniques SU si 
as coulometry and colorimetry [113]. A limited number of such reactions ® 
known at present, but they have great utility in practice. 

Chemiluminescence is a characteristic feature of the reactions of ozone 
many inorganic and organic materials. Thus Regener [114,115] utilized 
intense emission from the reaction between ozone and Rhodamine B. adsorbe oS 
an activated silica gel surface, in the first chemiluminescence detector for t cy 
pheric ozone. This Procedure was utilized by the Environmental Protection ae 
(EPA) for Monitoring ozone in polluted atmospheres [116]. Ап autem 
version of this analyser is commercially available. 


with 
the 
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~ ngeni жЕ chemiluminescence technique for the detection of 
inane susti * BARONE era [117]. The detector employed a chemi- 
intensity of the е Ой аА "dae рату between ozone and ethylene. The 
vOtiéniratión rig si mas ~ 435 nm) is directly proportional to the ozone 
0.003 and 3 ле Elector responds linearly to ozone concentrations between 
^ spun ppm, and no interferences have been observed. е 
erit seat pu a muy esd’ ort fa 
а g а 7 i ; 
cei gig iris piod ie piri me eaae! 
Nitrogen. The reactions invol cm etection of oxides of 
s Involved are 


NO + О, = NO} + O» 
NO} = NO, + hr 


an 

Ta inii and kinetics have been described by Clough and Thrush 

of NO, For = einer gra reaction is applicable only to the detection 

required, ection of NO, (NO + NO,). prior conversion of NO, into NO is 

tags eae show. the utility of chemiluminescent reactions in the 

ents ae of air pollutants. | 

offer a ie. manufacturers have capitalized on these developments and now 
y of monitors capable of monitoring sulphur dioxide, hydrogen 

means of chemiluminescence reactions. 

lucigenin [120], 

drogen peroxide 


Sulphide, oxi 
м чан. of nitrogen and ozone by 
0 e i E à ur MEE 
ther interesting reaction is that with participation of 


the 

chemilumi Sen’ А 

Ог trac. iluminescence (CL) being used for determination of hy 
ace metals, 


о 
CH; 
| 11 
5 OTO: 
Ө N 
metal | 
+ O, = CH; 
ооо 7 | 
Ni M Л max (CL) 470 nm 


| 
CH, 
m" O00 
N 
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TE ET inel in eivine chemiluminescence when oxidized 
Lucigenin is similar to luminol in giving chemiluminescence w hen oxidi 
by peroxide in basic solution in the presence of metal ion catalysts. їй 
ij fi ie is 
The bioluminescence system of the firefly has been the most studied. It 
summarized in the following scheme: 


LH, + E + ATP + Mg?* > E.LH).AMP + MgPPy 
E.LH,.AMP + Оу > [Oxyluciferin]* + AMP + CO; + №0 


[Oxyluciferin]* = Oxyluciferin + hr Amay = 562 nm 
where LH; = luciferin; E = luciferase; ATP = adenosine triphosphate: 
AMP = adenosine monophosphate; PPy = inorganic pyrophosphate. | 
The bioluminescence (BL) efficiency of this reaction is generally оу 
When this reaction is carried out with ATP as the analyte, the detection limit 15 
0.1-1.0 picomole, with linearity of response over five orders of magnitude. [P 
Some investigators, taking extreme care, have been able to detect the ^ ә 
in a single bacterium, i.e., 2 X 1075-1 X 10°? picomole. The difference 1n pie 
two detection limits arises from contamination of the reactants with ATP, о! 
presence of the interferent AMP in the ATP extract. | The 
The bacterial system follows the firefly system in popularity for study. 
following reactions schematically represent the bacterial system. 
The overall reaction is suggested to be: 


2ЕММН, + 20, + RCHO + Е > 2FMN + H,O + H,0, + RCOOH + I? 


which is thought to be the sum of reaction series A and B. 


Series A 
FMNH, + O, + E > E.FMNH;.O; (I) 
(1) + RCHO = E.FMNH;.O,.RCHO (II) 
(II) ^ E.FMN* + RCOOH + HO 
E.FMN* > E.FMN + hp Amax = 492 nm 
FMN = flavin mononucleotide. 

Series B 


FMNH, + О; > FMN + H50;. 


ЖИ Я ission 
The BL efficiency for this reaction is about 0.05. The intensity of the emiss 
depends on the chain-length of the aldehyde. 
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fin Bacterial. BL has high specificity for FMN. Some substituted FMNs and 

ira adenosine dinucleotide (FAD) also react with bacterial luciferase (E) to 
uce light but the level of emission is low enough to be of little analytical 

Concern. 

* The relationship between light output and FMNH, concentration is linear 

irs X 107? to 1.0 ug/ml. 

ATP he BL assay for FMN is applicable to many of the same systems as the 

vue ME It has been used to monitor infectious bacteria and has been 
^ y investigated as a possible detector of extraterrestrial life. 

FMN "s dependence of the bacterial BL on FMNH;. and the participation of 
in the reaction 


E 
2NADH + FMN > 2NAD* + FMNH, 


Where E' = | | 
not | E = NADH dehydrogenase, leads to the possibility of analyses which do 
ог *Pend directly on FMN but on some substrate being oxidised by NADH 
reduced by NAD*. 
Or example, а method for nitrate could be based on the reactions: 


Y E 
Н? + NAD* + NO; — NADH + NO; 
H* + NADH + FMN > FMNH, + NAD* 
E" = nitrate reductase. 


The 

Sanê ati я i E 2 

Concentra ion of the resulting FMNH, is proportional to the initial nitrate 
ration, $ 


> tical reactions of 


ehemilunnj, amples show the extreme importance of the analyt sere 
nd the Mir aiiis and bioluminescence in terms of their operational parame 

he sie CUM for their utilization in practice. 
басо mech 2: shown above also illustrate the importance о 

© cone] anism, which in many cases is not simple. 

Series o n ude this section, we shall describe a group OF 
These аг Yethods less well known by analysts but widely utilize m 
оц * the reactions used in immunological methods of analysis. 


‘of i w decades 
кы ave gained considerable importance during the past fe 
are based on the formation 


f knowledge of the 


f reactions used in a 
d by biochemists. 


Зе of the; 
of their hi h aide iu 
s £h specificity and sensitivity. They 
Tesear, ех between antigen and antibody. They all originate from the basic 
Behring, Pasteur and 


! Wo : 
Other [80] Tk on human immunoreactions carried out by 
TH gained 
Wide Mis, recent years the technique of radioimmunoassay (RIA) er ed ^at 
biolo i Ptance as а sensitive (ng/ml) and very specific analytical je big 
Compounds. Originally described by Yalow and Berson [ 
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procedure for the detection of insulin in human plasma, the radioimmunoassay 
technique was soon extended to almost all compounds that can directly stimulate 
specific antibody development in animals or can be made immunogenic as 
haptens. This technique introduced a new era in endocrinology [122]. 

The applications of radioimmunoassay and related techniques such as com- 
petitive protein-binding, radioenzymatic, radioreceptor, and immunoradiometric 
assays, are now no longer restricted to endocrinology. 

This method has become absolutely necessary, especially in those cases 
where the conventional procedures are not sensitive enough to be usable. | 

The materials assayed include protein and non-protein hormones, vitamins, 
nucleic acids, enzymes, drugs, metabolites, cancer antigens, viral antigens, anti- 
bodies, and structural proteins. The procedures are used for drug tests on athletes, 
particularly for tests for steroids. 

Figure 2.8 gives the principle of radioimmunoassay [123]. 


Bound Free 


289.9 


Labelled antigen (hormone) 

C93 Unlabelled antigen 
(hormone, standard, sample ) 

(Ax) Antibody against Ag and Ag 


Labelled antigen bound to antibody 
Unlabelled antigen bound to antibody 


Fig. 2.8 Principle of radioimmunoassay [123] (by permission of the copyright 
holders, Die Medizinische Verlagsgesellschaft Marburg). 


OOO 


; pos ; own 
The considerable importance of these extremely specific methods is sh 


by the number of publications (> 1000) each year. 

From this short examination of some types of reactions, we can draw 50 Я 
conclusions important for the future specialist or teacher in analytical chemists 
| (i) Reaction chemistry is a multidisciplinary topic involving anat 
inorganic, organic, and physical chemistry, especially the first. For these reaso! 


me 
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analytical chemistry must be studied since it correlates basic knowledge in the 
other three domains. 

(ii) Irrespective of the development of analytical instruments, study of 
chemical reactions is essential for an analyst. An automated analytical instrument 
can be handled under prescribed working conditions even by a non-expert, but 
the conditions themselves can only be established by the specialist who under- 
Stands how the ‘black box’ functions, the nature of the analytical problem, and 
how to apply the one to the other. | 

To produce analytical chemistry, the analyst must know chemistry, just as a 
Musician playing an instrument must know and understand the relation between 
Musical notes and the method by which they are produced. | 

Teaching in analytical chemistry must therefore necessarily take into 
Consideration the study of chemical reactions. | 

(ш) Special attention must be paid to the way in which new reactions 
must be examined in order to optimize the operational parameters to minimize 
the effects of competitive reactions. In this way ‘analytical’ thinking can bn 
Meulcated, and the production of mere ‘number-generators’ can be avoided. 

v) The future analyst must be familiarized with the study of reaction 
Mechanisms. Such a study, irrespective of the nature of the reagents, has a 
Pronounced analytical content. This domain of analytical chemistry is in our 
Opinion fascinating, being the key to all analytical methods. | 

(v) The importance and significance of the sensitivity of a reaction must be 
Properly understood. | | 
ith regard to sensitivity, we quote Hirsch [124]: “In analysis, the signal 
and des defined in relation to two other нон, ай et ae solia 
Course re also I feel that the distinction is fot always ma met ас 

5. The concept of limit of detection is also part of the idea of a signal’. 


Must 


21.9, Instrumental 


` e ink what nobody has 
To research means to see what all people have seen and to think 


thought" [125] 


2.2 2 

Anal 7^ General Considerations — 
Уса] chemi i sience, deals with the 
i lemistry, а ependent science, 

Maly tical y. as an indep Pent te viidi heare 


арріед Procedures, and with the materials and pro 


between some 


Any correlation 
aval uti: aces dtm, E on the correla 
Phys; alytical determination is based rms of concen- 


Д à 
tration Property (P) and the amount (usually expressed in te 
9f the species to be determined. 


, 
lis Д 
May be represented by the expression 


Which ma LO ian 
"Mlcates the extremely wide scope of physical methods of analysis. 
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The terms classical and modern methods of analysis, or chemical, physico- 
chemical, or instrumental methods of analysis, although useful and well 
understood, in a sense create false barriers within analytical chemistry, since all 
methods involve the use of some kind of measuring instrument, whether it be ia 
balance, a burette, a spectrophotometer or a scintillation counter. Thus in this 
sense all methods are physical (or instrumental) methods [126]. 

If we use the terminology of automation, we may divide the operation scheme 
of an analytical process into three steps, irrespective of the type of method: 


All research in analysis, whether on laboratory or on-line methods, shoul 
have as its aim the improvement of the correlation between these tiree г 
in order to provide the most reliable and sensitive analytical signal within th 
shortest analysis time. | int 

The student of analytical chemistry must be made familiar with this pol 
of view, the basic philosophy of analysis, right from the start. Жер 

Because of the importance of this, the third chapter of this book will disc is 
these steps. Here we shall confine our attention to the question of €: 
commonly referred to as instrumental analysis, taking it for granted that puce 
methods and reaction chemistry have already been properly taught, as emphasiZ 
above. Gnd 

The problem for an analytical chemist is always basically the same: (0 i 
the most appropriate method of analysis, choose the conditions so that €: 
and useful information is obtained, and to do all this as economically as pasit i 

Foreman and Stockwell [127], in discussing automation, remark: “For €? 
problem the following possibilities must initially be considered: 

(a) is a commercial instrument available to perform the analysis? 7 

(b) сап any commercial instrument be modified to perform the analysis" sts 

(c) if neither (a) nor (b) applies, can the design and development кз 
involved in automation be justified in cost-benefit terms? 


" . signs 
An affirmative answer to (c) generates an applied research project to dese 


i ^ fe d eally 
build, and test an automatic analyser. Research in automatic analysis id^? 


requires a multi-disciplinary team including specialists in chemistry, phys! ii 
electronics, in addition to an ade 

To see how this philosophy 
analytical information, we must 
and of man to instrument. 


quate degree of engineering support." 
is applied in the rapid gathering of goo 
consider the relation of method to instr 


а quali 
umen 


2.2.2.2 The Method and Instrument Relationship 
First let us see what is meant b 


y an instru , 
McKee [128] says: pagi 


"Si arts: inp?! 
imply stated, all instruments have three ра 
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ОР Experimental 
nsducer. sj 
. Signal tre ~ 
d gnal tran „© 
Ucer, or detector кт ormation modules, and output transducer. The input trans 
iy Signal M ARE predictably to the physical property to be measured 
жы electrical cet modules perform necessary and/or desirable operations 
electric rom the detec E 
fed]. wi ector. The outpu C 

the dus 1 ЎН back te: physis put transducer converts the 
дея ition of a reference si physical ones we can read and interpret. With 

Tol system”. псе signal on a feedback loop, an instrument becomes à 


This isi 9 
1 
illustrated in Fig. 


Top, i 

‘Op, ins 4 | А 

from Agr ore Bottom, control system [128]. ( Reprinted with 

Anal. Chem., 1970, 42. No. 11. 914. Copyright by the American 
Chemical Society.) 


hes л 
Modif Signal fr 
Physical : than ue the detector is compared with the reference. The output 
irs to operate some device which will cause а change in the 
dence i Simplest : dice the difference to zero. 
sa ч eine nee of the method-instrume 
balan aVimetrie к methods on the balance. Irrespect 
the lS unde lethod, the final result depends on weighing on а balance. The 
i: de a и In an excellent article “Weighed 
Poth рте alances 1$ really the history of 

мо-рап ba о assure 


he depen- 


nt relationship is t 
cal nature 


ive of the € леті 


lec А : 
Sto ч continued improvement. 
ck [129] says * ; : 
[129] says “The history 0! b 


nt of 
a Si tiv; Of tlie hen : 
The y le bearings and the beam of the tv 


a le 
nq ir Same 


ance t 


" + 
oa Precision”, 
i : ! | | p etho 
ample shows very well that a given combination of meth 
› nd a different 


сө Str 
mb; ume 
de, iat; Nt may 
ters; on must : not be adequate for a particular purpose. a wr 
" ce me i eles 
е used. Thus gravimetric methods would be us | 
other hand they 


dre x 
1 lc s 
Ma deal ОИ OP asc 
\ { trace 
аду. lor ace metal i 
s in a single drop 


tog Inst Very precise ; та! 
Mental? мы analysis for major compon 
the tiol SR losen lethods would be less satisfactory- 1 
- Size and br ie job hammers should not be use 

type of screwdriver must be selected. 


of blood. On the 
ents of large samples- 
n other Wor s, the | 
das screwdrivers. 
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We must remember that the instrument has to be integrated in an ensemble, 
whether it is operated manually or automatically, the ensemble being the total 
analytical ‘black-box’. 

Gravimetric analysis again provides an example, in thermal analysis. Modern 
instruments for thermogravimetry permit the use of very small samples (~1 mg); 
controlled atmospheres, remote control, computerized data-processing, analysis 
of products, etc. [130] but may also be used in the same way as the earliest 
thermobalances. 

Another illustration can be drawn from the various polarographic techniques. 
It took many years from its discovery by Heyrovsky for polarography to realize 
its full potential. Indeed, at one stage it was even asserted that polarography was 
obsolete as an analytical method. New techniques were developed, however, the 
instrumentation was improved, and new applications were found. Hence Flato 
[131] can remark: “Thus, we see a technique which is one of the oldest instru 
mental techniques available and which fell into disuse as the newer techniques 
came along, now returning to a place of prominence in the analytical laboratory: 
finding its way into new applications where it has previously not been tried, and 
owing to the availability of modern instrumentation, returning to its rightful 
place in the laboratory”. 

To emphasize this, Table 2.12 shows the detection limits of selected 
electroanalytical methods [132]. 


Table 2.12 
Sensitivity limits of selected electroanaly tical methods [132] 
(by permission of the copyright holders, Akadémiai Kiadó, Budapest): 


Method Sensitivity limit (M) 

Classical polarography 51075 
Chronopotentiometry with various current programmes 1077 
A.c. polarography (voltammetry) 10° 
Linear scan voltammetry 107° 
Rotating disk voltammetry 107^ 
Phase-sensitive a.c. polarography 107 
Second harmonic а.с. polarography 107 
Charge step polarography 107 
Polarography with alternating triangular voltage 107 
Square-wave polarography 5x10 

Normal pulse polarography 5x10° 
Differential pulse polarography 5X 107° 
К.Е. polarography 5x10° 
Anodic stripping with HMDE 107 


Anodic stripping with thin-film electrodes or solid electrodes 10 
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Another example is that of flame photometry and atomic-absorption 
Spectrophotometry. 
| The study of the flame was initiated by Bunsen and Teclu, and has resulted 
in two complementary analytical techniques of high sensitivity and selectivity, 
reasonable precision, and adequate speed. 
: The appearance of the first flame photometer produced a revolution 
In analytical techniques for alkali or alkaline-earth metals, which required 
Considerable skill for determination by classical methods. Flame photometry is 
limited to those elements which can be adequately excited at flame temperatures. 
With increase in these temperatures by use of more sophisticated gas mixtures, 
the number of determinable elements has increased, though it is still limited. 
_ With the passage of time, flame photometry has been complemented and 
a Some applications superseded by newly developed techniques such as 
atomic -absorption and atomic-fluorescence spectrophotometry. 
The phenomenon of atomic absorption was discovered by г 
1814 but it had to wait 140 years before Walsh put it on a practical footing. 
le realized that for a readily measurable signal to be obtained the width of 
the line of the excitation radiation would have to be narrower than that of the 
Fesonance absorption line, and also developed the means of ensuring this. This 
ie Peer brought many advantages (high sensitivity and unusual — à 
We pes With good performance) and now covers a wide range of elements a 
S being applicable to indirect determination of some anions. 
imits rs AP vasene Mir dhis pan War nna E p studies by 
"vov, Nene чарай шу pers ilias suus absorption, with 
still p; and Massmann led to new tec QUES ] о abolite 
Nigher performance (electrothermal atomic absorption). The abs 
ion limit of such techniques for some elements (Cd, Zn) is as cent 
8, comparable with that of the radiometric or electron-microprobe metho s. 
t is also interesting to compare the way in which two of the separation 
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etallic com 
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esea А 
Search in gas chromatography has bee I flush, temperature 
Pro 9f columns and their manipulation (heart-cut, back-flush, 
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ling) and of detectors of greater sensitivity 4 

n asc raph/mass 
* enormous analytical potential of the combined gas d fas] 
Meter was quickly realized in 1957 when Holmes an 
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reported their rudimentary coupling of the two instruments with a stream 
splitter as an interface [134]. The mass spectrometer is a universal detector in 
gas chromatography, since any compound that can pass through the chromato- 
graph will be converted into ions in the mass spectrometer. At the same time the 
highly specific nature of mass spectra makes the mass spectrometer a highly 
specific and also sensitive detector in gas chromatography. 

To demonstrate this, Table 2.13 gives the sensitivity of various detectors 
[134]. 


Table 2.13 
Sensitivity of GC detectors [134] 
(Reprinted with permission from Anal, Chem., 1977, 49, 447A. 
Copyright by the American Chemical Society.) 


Total ion current monitoring 107? g 
Mass chromatogram 1075 g 
Flame ionization 107° р 
Electron capture 10g 
Selected ion monitoring 1078 


Perhaps the most intriguing aspect of the mass spectrometer as à detector 15 
its great versatility, since it can provide scanned spectra, mass chromatograms: 
resolved total ion-current chromatograms, and record selected ions, € with 
variable mass resolving power, and an ever-growing selection of ionization 
techniques [134]. 

HPLC has simply increased the speed of separation in liquid-liquid chromato 
graphy and is most suitable for the compounds that are insufficiently volatile OF 
too thermally labile for gas chromatography to be successful. It has proved © 
great utility for the separation of a wide variety of organic compounds with 
complex structures, thermally degradable compounds, pharmaceutical products 
intermediate products in synthesis, and physiologically active products. 

Both GC and HPLC give high performance in the sense of enormous ve Я 
in application, and high sensitivity and selectivity. HPLC, as a new technique 
continuously being improved by the development of a wide variety of detector? 
the most popular being multiwavelength absorption, fluorescence and electro 
chemical (amperometric and coulometric) [135]. As with most instrument 
methods, improvement in reproducibility tends to lag behind other developmen” 

The coupling of different chromatographic techniques with other inst 
mentation has led to spectacular results. |t is possible to collect comple 
analytical information about a complex mixture of suitable components, bY using 


1 м ‚їй 
HPLC with a microprocessor and a computer (Hewlett-Packard or DU Pont 
only a few minutes. 


rsatility 
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The w F : 
the 1947 dead vc Karrer, Nobel Prize co-winner in Chemistry (1937), at 
as great an suites a+ Ў т d ренесинде comet a e 
as much di Туе rod w ened the field of investigation of the organic chemist 
vitamins, hormones, cz omatographic adsorption analysis. Research in the field of 
never have [Pisani andere and numerous other natural compounds could 
been for this n ed so rapidly and achieved such great results if it had not 
closely an d method, which has also disclosed the enormous variety of 
When dia compounds in nature”. - 
comes ME Is completely suited to the instrument, on-line analysis 
the Miel eig . In our opinion, the student or research worker should have 
acquainted esa 7 usp almost all types of laboratory instruments and to be 
таза tien] he automatic systems used for control of the technological 
i mons, 1emical industry. 
gas dum ай used technique in automatic analytical control is process 
analytical a л hy. The object of installing analysers on-line is to obtain 
Use the ШЕ at a speed comparable to that of changes in the process, and to 
Хна odes take corrective action through a feed-back loop. 
Operates нагі & iromatograph is an instrument designed to fulfil this aim and 
Process stream RONDE giving automatic repetitive analysis of a flowing 
Or at most м " t is usually dedicated to a particular analysis on a single stream, 
Or, at most о on streams (multistream analysis), and is designed to measure one 
and chromat nly a few of the components in the sample [137]. The sample loop 
ograph must be situated as close to each other and the process 


Vessel as possi 
he se to minimize transport times. 
Ogica] woe of use of process gas chromatography depends on the techno- 
Control, In o > The commonest applications are in open- or closed-loop process 
| asis of the wa n-loop systems the operator adjusts the process conditions on the 
Utomatican romatographic results. In closed-loop control the changes are made 
у, usually through linkage to a computer. 


Table 
s 2.14 li 
4 lists some of the principal uses of on-line chromatographs [137]. 
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ecific-ion electrodes 


ectrometers, electron 
ectrometers, mass 


romatographs ,gas 


rators, automatic 


Croscopes, electron 


ectrophotometers, fluorescence 


Corders, strip-chart 


ectrophotometers, atomic absorption 


ths, constant – lemperature 


meters 
ectrophotometers, infrared 
boratory furnaces, ovens 
те - hoods 


romatographs, thin - layer 
fractometer s 
ectrophotometers, ultraviolet 
ntrifuges 
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T -— г the 
Growth Tate of various instruments [138] (by permission of 
copyright holders, Technical Publishing Co., Barrington, USA). 
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— Table 2.14 
Miei of process gas chromatographs [137]. 
with permission from Anal. Chem., 1975, 47, 983A. 
Copyright by the American Chemical Society) | | 
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A чагу 1978 i = » 
discovery (at P "ed of Analytical Chemistry carried an article describing the 
ioxirane, bulles ational Bureau of Standards, NBS) of a simple molecule, 
$mog [139]. to play an important role in the formation of photochemical 
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confirmed the presence of an unstable species, the mass of which corresponded 
to that of dioxirane. Р 

This example of the discovery of a molecule that looks unlikely to exist, 
constitutes a conclusive proof of the importance of interaction between man and 
instrument. To discover the molecule, high-performance techniques and advanced 
equipment were needed, but only a sufficiently intelligent group of research 
workers could have combined them. This example is also a very good illustration 
of the fact that analysis is essentially a problem-solving science [140,141]. 

It is evident that in the relation between man and instrument it is man 
who thinks, and even an instrument endowed with a memory can think in only 
an elementary manner. The scientist can never be compared with a machine or 
substituted by it. 

Wiener says “If it is an offence against our self-pride to be compared to an 
ape, we have now got pretty well over it; and it is an even greater offence to "s 
compared to a machine” [142]. 

No matter how much an instrument may be improved, it cannot surpass the 
capabilities of the human intelligence, cannot have the same ability for diverse 
decision-making as its operator. 

Wiener also comments: *Thus one of the great future problems which we 
must face is that of the relation between man and the machine, of the functions 
which should properly be assigned to these two agencies. On the surface, ШЕ 
machine has certain clear advantages. It is faster in its action and more past 
or at least it can be made to have these properties if it is well designed. A digita 
computing machine can accomplish in a day a body of work that would take p 
full efforts of a team of computers for a year, and it will accomplish this wer 
with a minimum of blots and blunders. " 

On the other hand, the human being has certain nonnegligible advantage? 
Apart from the fact that any sensible man would consider the purposes ol QM 
as paramount in the relations between man and the machine, the machine is "i 
less complicated than man and has less scope in the variety of its actions" [142 4 

The relation between man and instrument has been for a long time hes 
concern of many thinkers, even when instruments had much more ШЕ. 
performance, automation or computerization than they do now. Civilized 
has always tried to build instruments to further his work, and his research, bU 
an intelligent man never makes a fetish of instrumentation. He uses й to gas 
his work. and to increase the rate of obtaining information. In 

Goethe describes very well, in Faust. man’s attitude towards instruments: 
the first part of the tragedy, Faust is represented as a physicist in his work-TO* 
surrounded by laboratory instruments. He says [143]: 


Ye instruments, forsooth, but jeer at me 

With wheel and cog. and shapes uncouth of wonder: 

I found the portal, you the keys should be: 

Your wards are deftly wrought, but drive no bolts asunder! 
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Mysterious even in open day, 

Nature retains her veil, despite our clamors: 

That which she doth not willingly display 

Cannot be wrenched from her with levers, screws, and hammers. 


а 5 wish for deeper knowledge makes him accept an agreement with the 
He eae USES Goethe's attitude towards the world of science. 
Of future) scien oe progressivo: change of human society depends on correlation 
stopped, cp onl ы technical means. The progress of science cannot be 
about the future m irreversible. Goethe understood that, but he was anxious 
W |. 
ment, hitb the appearance of the 
Signal Abens y каз, automated thanks to microprocessors. The anal | 
instruments the most suitable form and automation of different types of 
and liquid d телара, atomic-absorption equipment, spectrophotometers, gas 
many of the a etc., makes the output signal objective, eliminating 
Very small sam inp due to the operator, for example the errors in introducing 
Їй аш ples, as in GC or HPLC. 

Some ешо. * $ advantages of present instrume 
the зеден, inherent in such sophisticated dev 
instrument ol ie the output signal, the analytical chemis | 
Of the tasters : limitea knowledge of the electronic ormechanioalconsirucnon 
signal. ee ig and may be uncertain of the reliability he can place on the 
instrumen r, remedying апу faults that may develop in very sophisticated 

ts needs highly qualified specialists. 
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equipmen ny laboratories, in order to avoid this pro 
t, someone is specially trained to work with an instrument and to 


handle ; 

equis der optimal conditions. Doing so. however, though protecting the 
Instrument 3i n performance, may perturb the interaction between man and 
he Шил an a tendency arises for the specialist to become the bes id 
Problems of cane also to believe it has universal scope. To solve the complex 
Constitutes it chemistry. the analyst must understand that the a 
Must adapt m y the means of obtaining the desired analytical нана: E 
®PProaches ани methods to the instruments available, using a variety О 
5 mos surg of the analytical information. 
formati © this section, we cite from a recent Ron 
Cannot bec Onal Universe’ [145]: “Electronic devices for inf i 
(in the en pd neurasthenic. If man were simply an intopmationa | 
uld a sense of information), he could not suffer кой iental illness. 
s Speak of : willing to become machines to obtain this benefit? It is ы 
Machine m da of a machine, even of an electronic is cii 
Cause h m become estranged from other machines. The neurast лепіс а 
* feels isolated from the world. He lives the tragedy of an estrange 
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being only because he feels that he is alone". ... **Schizophrenic communication 
has no code and therefore cannot be deciphered. No other illness, whether 
physical (oligophrenia or dementia) or neurological (aphasic imagery ) illustrates 
so obvious semantic or informational pain, as schizophrenia”. 


2.3 DATA PROCESSING 
2.3.1 Data Domains 


As we have shown, present-day laboratory equipment has profited from 
the development of electronics, increasing the measuring rate, accuracy and et 
venience, while decreasing the instrument size and power requirement. Integrate 
circuits and hybrid circuits have brought many measurement techniques from 
the realm of theoretical possibility to reality. ied 

The role of the equipment is to obtain from the measured system the desir 
information, and make it accessible as a signal irrespective of its form. (i 

Owing to the continuous development of laboratory instruments. 
electronic circuits very frequently misunderstood by the chemist, it was perd 
to find a means of applying new devices efficiently and effectively. the only 
requirement being an understanding of the basic measurement concepts. ё 

In the design, analysis, description and modification of such electron h 
equipment, the signals of different types are classified in ‘data domains’. A ey 
better understanding of the data-handling process is gained as a result of the е 
and application of the data-domain concepts. These are given below, toget 
with some basic concepts concerning measurement devices [146]. 


Data Domains 


1. Measurement data are represented in an instrument at any instant s 
physical quantity, a chemical quantity, or an electrical signal. These quii 
which represent the measurement data can be categorized in groups called “йа 
domains’, ivalent 

2. As the data proceed through the instrument, a change in the equiv 
quantity is called a *data domain conversion". ce of 

3. All electronic measurement Systems can be described as a idet 
two or more data-domain converters; the logic of each can be analysed separat : 

4. Methods of using electrical signals to represent measurement data 
into three major domains: analogue, time, and digital. 

Measurement Devices ce 

1. All measurement devices employ a difference detector and a referen 
quantity. 


of 
i с 

2. The difference detector and/or the reference can affect the accuracy 
the measurement. 


snc being 
3. The reference must be identical in nature with the characteristic 
measured. 


ices- 
mai evice 
4. Interdo: ain converters have the characteristics of measurement d 
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d ри Time and Digital Domains 

being up E Lee ag ig ber chemistry there are difficulties in 

relationship, whch еу this discipline, because of the method-instrument 
inni: ta fpi i P t for students to perceive and realize. 

specially ic ^ elp chemists and analysts, books on electronics have been 

[147] is inti x: scientists and chemists. The book by Malmstadt and Enke 
hers E c asi: in terms of applicability and quality. 

also achieves e a recent Romanian book ‘Electronics for Chemists" [148] 

laboratory equi сз It describes simply and clearly the functional principles of 
We shall Senta in a manner which may be understood by any chemist. 

concerning the aibi the following some of the definitions from these books, 
The angingte ids time and digital domains. | 

observed quantit domain contains signals which may vary continuously. The 

may be plotted de: represented by the signal amplitude. the variation of which 

Or other experim EM time, wavelength, magnetic field strength, temperature, 
Be i ental parameters. 

domain, d convert physico-chemical quantitie 

Convert ae DN electrodes convert pH into a poten 
Бин T CENE into an electric current. — 

Tittle 2 some analogue (£A) domain signals [146]. | 

Vitis not а од the measurement data are given by the number of events 

9f two levels of y ШЕ variations in signal amplitude. This involves the existence 

Coded in this d magnitude for a signal (e.g. on-off, high-low). A given quantity 

omain is characterized by the number of changes between these 
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levels in a given time interval (i.e. a frequency or pulse-rate) or by the time 
elapsed between two consecutive changes (pulse-time). 

The minimal time for a measurement in this domain is the pulse time. 
The signal amplitude no longer has the same significance as in the analogue 
domain. The higher the rate of change in the signal, the greater the timing 
precision or the precision of measuring the information contained in the signal. 
Examples of transducers which generate coded signals in the time domain are 
the Geiger-Muller counter, which produces a pulse-rate proportional to the level 
of radioactivity, and the piezoelectric osciliator, which changes frequency with 
temperature. 

Figure 2.12 shows some time (£4;) domain signals [146]. 
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Fig. 2.12 - Time (Еду) domain signals [146]. (Reprinted with permission from 
Anal. Chem., 1971, 43, No. 1, 69A. Copyright by the American Chemical Society.) 
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In the digital domain, the measurement data are contained in a t 
signal coded to represent a specific integer (or character). The signal may b 
coded series of pulses in one channel (serial form) or a coded set of simultane’ 
signals in multiple channels (parallel form). 

In Fig. 2.13 some representative digital signal waveforms are shown [M45]. 

The serial count waveform (a) represents the number of pulses in à series iie 
a clearly defined beginning and end. This type of signal is simple but not Ve 
efficient. The most efficient serial digital signal is the binary-coded signal "e 
where each pulse time in the series represents a different bit position in a bin? 
number. The appearance of a pulse indicates a 1: the absence of a pulse, à 0. 

The binary-coded decimal serial form is not so efficient but very Conve! 
when a decimal numerical output is desired. Each group of four bits digit 
represents one decimal digit in a number, so twelve bits can represent а three- ie 
decimal number and provide a resolution of one part per thousand. 

^ parallel-form digital signal uses a separate channel for each bit 


instead of a separate time in a single channel. Its principal advantage 
Figure 2.13(d) st 
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Various codi " 
Sond in e coding systems are used for parallel digital data. The parallel system 
driübslow d modern fast computers. The serial system is often used for telemetry 

computer peripherals such as teletypes. 
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from ipu Serial and parallel digital signals [146]. (Rep 
‚ Chem., 1971, 43, No. 1, 69A. Copyright by t 
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An Mapping Domain Conversions 


пе 
Conversion ee involves a series of conversions between domains, such as 
Conversions ^ hydrogen activity into an electrical potential. This sequence of 
main, Музы best be followed by means of a plot or ‘map’ of the given data 
COnversiong | егп laboratory instruments frequently use three or more domain 
ап instry 9 Perform the desired measurement. When analysing the conversions 
[146]. ment it is helpful to use the data domains map shown in Fig. 2.14 
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Fig. 2.14 — Data domains map [146]. (Reprinted with permission from Anal. 
Chem., 1971, 43, No. 1, 69A. Copyright by the American Chemical Society.) 


2.3.2 Informational and Statistical Treatment of Data 


According to Kowalski [149], the informational and statistical treatment of iria 
constitutes an independent discipline, called chemometrics. Chemometrics 
includes the applications of mathematical and statistical methods to the analys 
of chemical measurements. 

In this discipline, a primary role is played by pattern recognition. — 

The objective of pattern recognition is to characterize objects (in our ce 
the different chemical compounds) by measurements, and to study relations 
based on similarities among the objects. Pattern recognition methods opera 
with defined criteria and attempt to distil useful information from raw data. 

Probably the most important area of future development is the incorporat e 
of pattern recognition methods into on-line measurement systems. A изе! 
review is given by Kryger [86]. 

Modern mathematical statistics began to develop on the basis of the pere 
of probability at the turn of the twentieth century. Chemical analysis prov? 
one of its most important fields of application. ]ysis 

"The existence of the multitude of new physical methods of anà s 
urgently raises the question of finding rational criteria for comparing the jp 
obtained by various analytical methods. The development and introduction 8 
new analytical methods take place considerably faster than their standardiza о 
It is already evident that an analyst must be as thoroughly familiar with 


о 
methods of modern mathematical Statistics as the geodesist with the metho 
least squares” [150]. 
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Dessy and Titus [154] have described design considerations for interfacing 
analytical instrumentation with computers. Computer interfacing to chemical 
instruments, and the processing of the resulting data, have been discussed under 
the headings of data acquisition and analogue- to- digital conversion: digital 
preprocessing; procedural reduction; manipulation and transformation; and 
postoperative amalgamation and interpretation [155]. 


We have mentioned above that present laboratory apparatus with an advanced 
degree of automation, is equipped with microprocessors. Some useful indications 
of trends will be found in a special issue of Talanta [156]. 

In order to understand the modes in which the microprocessor may operate: 
it is useful to look carefully at how different types of computers interact with 
data sources and human operators. 

At first, digital computers were used by scientists in an *off-line' mode [157]. 
in which the data were collected, fed to the computer together with the program, 
and processed. If a central computer was used, the processing had to wait until 
computer time was available. Even with a computer dedicated to the experiment, 
the scientist had to collect the data and transfer them to the computer input- 

The advent of the moderately priced minicomputer not only brought 
the processing into the laboratory but through direct input of data through 2 
microprocessor was able to give on-line processing [157]. 

The experimentalist then interacts with the minicomputer, whicl 
obtains the data, makes decisions, calculates variables and returns the results 
actually during the experiment (‘real-time processing). In this mode» jd 
computer remains a distinct entity, designed as a general- purpose machine, but ! 
used for one particular purpose. 

The microcomputer, originally designed to replace hard-wired logic € 
in dedicated machines and instrumentation, also gives real-time processing. 

Microprocessors are now incorporated into a wide range of ana 
instruments. This application might be termed ‘in-line’, since, to the oper 
the computer and the instrument are virtually one unit [157]. 

The operator communicates with the computer and directs its O ^ 
but does not program it; the program is built in (as a permanent memory) by t p 
maker. Thus the instrument does not appear to the operator to be a computer: 
it is simply a more powerful (even ‘intelligent’) instrument. 

Trends and developments in computer-controlled equipment and labe 


automation have been reviewed by Stockwell [55] and by Perrin [158 
examples are given in Table 2.15. 
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updating with new programs. Each disc can store over 12000 mass spectra per 
GC run, typically over 10 hours of uninterrupted analysis. It is easily expanded 
to 255 interchangeable catalogued discs providing over 5 X 10° bits of memory 
[160]. 


CHAPTER 3 


Education in Analytical Chemistry 


ea ee 


Before we discuss this problem, we should try to define analytical chemistry. 
A broad working definition might be that it is the application of physical chemical 
Principles and inorganic and organic reaction chemistry to inorganic and organic 
Materials for determination of their composition, structure and identity. The 
Subject therefore has exceedingly wide scope. However, it goes rather deeper 
than this definition suggests. In particular, it is essentially concerned with the 
Solution of the problems posed by the demand of science and technology for 
‘curate information, and thus requires analysis of each situation as it arises. 
Analysis is defined as the process of determining composition etc., or the report 
Of the Composition thus found, and also as tracing of things to their source. It is 
this last part of the definition that is the key to education in analytical chemistry. 
he true analyst is not content with being able to perform an analysis correctly, 
he also wants to know how and why the system works, so that he can apply it 
intelligently and correctly. This is the basis of Lundell’s famous distinction 
Stween ‘determinators’ and ‘analysts’ in his article ‘The Chemical Analysis of 
ings as They Are’ [161], which is as valid today as it was when written nearly 
0 years ago. | 
‚ Once we have decided what we mean by analytical chemistry, we sen decide 
Which aspects of it we believe are essential knowledge for an ‘educated’ analyst, 
and then about the best way to ensure that the knowledge is really understood 
S. Correctly applied; in other words, to ensure that the analyst really has 
come educated, To our way of thinking, the only sure means of doing this 
Y analysis itself, namely by problem solving. It is a common о 
niversity teachers that students who revise their work only by reading tm 
CCture notes, frequently mistake recognition for knowledge and een ing. 
15 only by trying to apply their learning by solving problems (or o eos 
we O others, which is what happens in examinations) that they can 
ether they really know something or only think they know S — 
_© shall therefore set out our choice of illustrative mate di iem 
Ich the educated analyst performs the various steps 1n an analy 
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the material in ‘modern’ terms, we shall use the terminology of automation. Our 
choice of material is subjective in some respects, and others will have their own 
favourite themes and illustrations, but that does not affect the principle or alter 
the logic of our argument. 


3.1 INPUT 
3.1.1 Definition of the Problem 


Just as a doctor needs to take a case history before he can decide what treatment 
the patient needs, the analyst must obtain enough information about the analytical 
problem for him to be able to decide on the best technique to use (or even 
whether he is being asked a sensible question in the first place). The series of 
articles *The Analytical Approach' appearing from time to time in Analytical 
Chemistry can serve as a good illustration of the need for a case history. The 
story of the organic sample that gave zero carbon content on combustion analysis 
is a good example of a *nonsense' question (the compound was a fully halogenated 
hydrocarbon, developed as a flame-retardant). 

Once the problem has been defined, the problem of sampling can be dealt 
with, followed by choice of method, interpretation of results, and reporting. 


3.1.2 The Sample 


An analysis cannot be better than the sample. 


The Analytical Commission of Terminology of the International Union d 
Pure and Applied Chemistry defines the sample as ‘a portion of material qM 
from the consignment and selected in such a way that it possesses the essent! 
characteristics of the bulk’. А 

If the chemical analysis is to give meaningful results, some important rule 
must be observed when the sample is taken. First, it must be representativ 
i.e. of the same composition as the material from which it originates. This os 
ment is relatively easy to fulfil when homogeneous materials (gases, liquids) е 
sampled, but sampling of a large bulk of solid heterogeneous material is 4 very 
difficult operation. f 

Secondly, it is very important for the analyst to decide the amount r 
sample that has to be analysed. This amount depends on many factors. ie é 
as the mass available for testing, its state and composition (dimensions. wap 
uniformity of distribution and specific mass of granules), the proportion is 
component to be determined; the size of the glassware used, the sensitivity oft 
methods employed, the accuracy required, the cost of the sample. etc. 

Thirdly, the sample must be handled and stored with special care tee еў 
changes in composition (losses of fine particles, loss or absorption of moist 
alteration in contact with air or on exposure to light, contamination by contain 
wall corrosion, loss by adsorption on container walls, etc.). 


void 
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r f these rules are not kept the sample may not be a reliable representative of 
e whole, and the analysis will be more or less worthless. 


3.1.3 Sampling 

The overall апау p ч 2 

р: overall analytical process of determining опе ог тоге of the components 
Sample consists of six operational steps which are carried out in a certain 

sequ ^e E E: "s те 

ш; as shown in Fig. 3.1, where it is seen that definition of the purpose 
пе analysis is followed by selection of the sample on which the work is to be 


perf ^ SACS t ) 
| ormed. Sampling is a complex topic only partly amenable to theoretical 
scription, 


Case history and 
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problem 
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Evaluation 
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report 


Fig. 3.1 — The analytical process. 
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to performing the analyses without assuming any responsibility regarding sampl- 
ing, packing of samples and their transport to the laboratory, and in Lundell’s 
terminology [161] are only ‘determinators’. | 

Such reliance on others can lead to bizarre results. such as the packing 
material being sampled instead of the contents of the package (though in this 
case the error was quickly discovered). If they are well trained and highly depend- 
able, however, they will want to know the whole history of the sample (the way 
it was taken, reduced, crushed, packed and transported) since only on the basis 
of this knowledge can they decide whether the sample will be satisfactory for the 
purpose of the analysis to be fulfilled or must be replaced by another one. The 
wise analyst, of course, will whenever possible supervise all stages of sampling 
and preparation of samples for analysis, so that he can take full responsibility for 
the results. 

In order for the analytical process to be ensured favourable conditions and 
for the results to justify the work, the analyst has to recognize the importance 
of correct sampling and be well acquainted with the statistical background of 
sampling, the general methods of sampling various types of materials, the proper 
transmission and storage of samples, the pitfalls that may lead to bias in sampling» 
the use that is to be made of the analyses, etc. , 

Any additional information, such as the purpose of testing, specification 
limits for a constituent of a sample, or the desired accuracy of analysis must not 
be regarded as superfluous, and background knowledge is often necessary. For 
example, when a component of a deposit of useful minerals has to be evaluated, 
a knowledge of geology, geochemistry and mineralogy is needed since it facilitate 
the drawing of conclusions on the distribution of the constituent vertically О! 
horizontally within the deposit. 

Although the methods and techniques of separation and measurement have 
developed spectacularly, the methods and techniques of sampling have "É 
enjoyed the same attention. Sampling is habitually done manually and mechanic? 
tools are employed only to a small extent. However, in some isolated cases 
special sampling techniques have been developed, such as the devices for sampling 
the ocean bottom or the high atmosphere, or which pick up samples of equal 
volume at equal time intervals and are used in automatic and on-line analysis. 

A very important problem in testing for a constituent of a material is (0 
know how it is distributed in the bulk material. If the distribution is normal. the 


content of the constituent may be obtained from a small number of analyses ап 
the application of statistics, 


Statistical sampling is based о; 
the material (the Population) have an 
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could b а ven v ed ag 

p ipe. and the frequency of occurrence of given values plotted against 
the values, a symmetrical peak would be obtained (Fig. 3.2) described b e 
well-known equation: i ЕИ dia 


1 T 
y exp | (x 5 (3.1) 


І оу 27 20? 


where р j " В В 
of im od у a of the population, equal to the average of the squares 
equal to the senā a the mean; о is the standard deviation of the population, 
ihiélisured die sane mia of the variance; uis the average value of the parameter 
хе 3.2 pua mean); x is an individual value of the parameter. 
Within the Voca eue that almost all the values of the parameter (99.74%) lie 
и + 3o. 
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Fig. 3.2 — The normal distribution law. 
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8. 185,150, 162,163). 
do ног ан of course, the individual members of the population generally 
cause the an equal probability of being present in the sample taken for analysis, 
less ii ы sample will never consist of a single completely uniform species, 
absurdam) ше to be a single elementary particle (which is a reductio ad 
the fon d there will always be an inherent variance (the sampling error) 
Position of the sample withdrawn and analysed. In addition to this 


ther, 

LIO Wil 

In the eee variance of the analytical results, caused by the random errors 

ysis itself (analysis error). The overall error will then be described by 
he sum of the individual 


© 
ue that the variance of a sum or difference is t 
If one of the individual variances is more than about ten times the 
smaller variance will contribute little to the overall variance and for 
e mes can be ignored. І 
ion then arises of how many analyses must be performed on a given 
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population for the overall error to lie within some preset limits. “Же 
expensive and labour-intensive, so both the customer and the analyst will w: : 
the number to be the minimum needed to ensure the desired accuracy. Suppos 

we choose an ‘acceptable’ absolute error Алау = |x — land a certain probability 
that it will not be exceeded. From tables for the Gaussian distribution we e 
find the value of z which gives the desired probability that the absolute error o 

the result will not exceed |z ø|, where о is the standard deviation. We then use 
the relationship 


LA sag Hi (3.2) 
„ = Атакул 


O 


to calculate the number of determinations needed (л). If o is not known and 
has to be replaced by its estimate, s, obtained from a small number of replicate 
measurements, then instead of z we use the corresponding value of 1, found in 
tables cf the ‘Student-r? distribution [164]. : 
An alternative which makes no a priori stipulations is to use the equation 


А = 1s Nm (3.3) 


in an examination of the effect of n on the magnitude of the absolute ы 
A [165]. We can then easily see whether increasing the value of п above a centan 
number will reduce A significantly or not. Take for example the case of ene 
mination of 10% of component X, given that the standard deviation (Дию. 
by analysis of a pure compound) is 0.10% at this level. For a probability of 0.° А 
that the experimental error will not excced 1051, we find that A is 0.90 od 
n — 2, 0.25 for n = 3,0.16 for n =4, 0.12 for n = 5. In terms of cost-effective 
ness it is worth doing three analyses, but probably not four and certainly not yo 

We can extend the treatment to include the sampling error as well #54 а 
analysis error, and can either calculate the number of analyses needed to e 
reliable mean value for a given value of sampling error, or estimate the пв 
of the sampling error from the results of a given number of analyses. I e 


E jations 
St, Ss, and s, to signify the total, sampling, and analysis standard deviat 
respectively, we shall have 


4 
n = 1252742 (3-4) 
and 

m пд 


3.5) 
g? = X^ S ( 
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ae „ Then 
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] А я ber 9 
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samples needed is then п = ¢?52/A? and each sample need be analysed on 
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On the other hand. if s. i . 
of analysis sc iil ы: рма greater than sy, unless a better method 
"Biber of timet Fe redu a : a be necessary to analyse each sample a sufficient 
the total Variance oe С t м analytical variance sufficiently for it not to affect 
achieve the desired enr and to take the requisite number of samples to 
choice of analytical s ot A. Proper design of a sampling pattern (and proper 
For on-line т NI is clearly important in terms of time and economics. 
Cost of analysis d pp Sontrokenan purposes, the frequency of sampling, 
ETE in decidme 2 st 9 off-specification’ production must be taken into 
Kortlandt and cd g. Such considerations are discussed by Davies [166] and by 
Sometimes ып ПП Кн emery 
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Gas samples are generally collected over mercury, water or salt solutions 
so that the volume and pressure can be controlled, provided that none of the 
components is absorbed by or reacts with the liquid used. 

The method of sampling depends on the nature of the gaseous material. For 
example, the method of aspiration through successive cylindrical vessels ensures 
a representative sample of a mixture of gases in one of the first vessels after the 
taps have been turned off, but this method could not be applied for obtaining 
representative sample of a mixture of liquid gases having different boiling points. 

An important and difficult problem is the sampling of atmospheric air. 
There are factors such as wind, precipitation, convection currents, pollution 
intensified by human activity, etc., that modify the local composition of the 
atmosphere, especially with respect to the minor components. The atmosphere 
contains numerous noxious solid, liquid and gaseous substances, radioactive 
isotopes, bacteria, etc., introduced by pollution, which endanger public health; 
therefore the composition of the atmosphere has to be analysed ever more 
frequently. Because of the continuous change in atmospheric composition, 
taking a representative sample of the whole is pointless as well as impossible; 
the only useful approach is to analyse samples taken at many places at short 
time -intervals. 

Only small amounts of the noxious substances are present in the atmos- 
phere so if small sample volumes are drawn the danger exists that the substance 
sought will be present at below the detection limit of even the most sensitive 
methods. Therefore relatively large volumes of air are sampled by means of flow- 
meters provided with filters which retain the solid particles, with membranes (0 
retain aerosols [168], and various solutions to absorb the gaseous components 
differentially. 

The need to analyse large numbers of air samples has led to the development 
of automatic methods of sampling and determination of microcomponents. 


3.1.3.2 Sampling of Liquids 
Liquids are sampled by flow, pipetting or siphoning. 

If the liquid is not stratified by immiscibility or differences of density, item 
be homogenized by shaking before the sampling. 

Liquids with immiscible layers are sampled by pipetting from each layer ? 
volume proportional to the layer thickness; the layer samples are analyse? 
separately or recombined to Bive a representative sample. 

When the liquid contains Suspended solids their disolution by stirring = 
heating must be attempted. If dissolution is not possible the suspension is filter? 
and the two phases analysed separately. 
two оса Ner nents of somewhat different volatility is sample 
uel d ected in series. The liquid flows into the bottom of the h 

essel through a tube fitted with a tap and when the vessel is full flows 17008 


d in 
first 
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an overflow into the bottom of the second vessel. Flow is continued until a 
Tepresentative sample is ensured in the first vessel. 

Special attention must be paid to sampling of liquids when the aim is deter- 
mination of the gas content of the liquid. For example, a water sample for 
oxygen determination must be drawn and handled so that there is no exposure 
to the atmosphere. The sample is then brought to boiling at a pressure so low 
that the amount of oxygen dissolved is practically zero. The gases evolved are 
collected over mercury in a graduated test-tube and an oxygen-absorbing solution 
15 added. The decrease in gas volume gives the oxygen content of the sample. 
A of water sampling for oxygen determination are given by Buchoff er al. 

Another important problem is sampling and analysis of large volumes of 
flowing (springs, rivers, industrial effluent) or standing (lakes, seas, oceans) 
Waters. The chemical composition of a flowing water changes with precipitation, 
temperature, flow-rate, distance from source, depth, pollution, sources, etc. 
Likewise the composition of water in lakes, seas, oceans changes with depth, 
perature, streams, existence of sources of feed or pollution, ete. For example, 
Eos free oxygen content of water changes with diurnal temperature, season, 

&aphical location (mountains or plains), depth, etc. Sampling at different 
E is achieved with special devices that open and close when a certain depth 
БР E these devices are called bathometers. On account of the large 
Ors that affect the composition of Waters, representative samples 
м rawn from large volumes of water and a large amount of information may be 
“ined only by performing a very large number of analyses. 
"Ta — for large numbers of analyses of septa E 
methods, е "i streams, blood, ete.) bue ni i of d te methods 
of aut of analysis. This in turn has entailed development of à a ted Жо 
Sven ces sampling of volumes ranging from a few ul яти 7 sei a 
the fin mi. A blood sample may be taken from the drop ieu з i 
är 8ertip. Constant-volume liquid samples for continuous flow an y s 
sample 4 by the special device developed by Jansen et al. cu а 
Platinu ed to the analyser is that enclosed between two a d poets T 
electrical cree electrodes are placed in the О rt fee 

dn а as long as conducting liquid pat emu ds stia in Pig 3.3; 
Ne inlet si к = enia dn ad : М successive movements of 
Ne turn. о iene the бреу Mag ya ifl thereby introduced, 

table holding the sample-tubes, and an air-bubble is . ir-bubble 

by the liquid drawn in from the next sample-tube n к= passed 

Tough à electrodes and contact is broken. When d ан the next 

9veme ® electrode pair the current is e Ys ga drawn in. The plug 

Of sam E 9f the turn-table, causing the next air- bubble to be or. The actual 

Volume ts between the two air-bubbles then passes into stn dra peine: 
*n need not be known (since standards are sampled 1 
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= Я траба: d 
and the amount of sample can be optimized with respect to the analytical metho 
by using feed-tubes with different internal diameters. 


Fig. 3.3 — Constant volume sampling technique for continuous flow апа] 

a, sample is taken, samples separated by ап air bubble; b, air bubble passes ar 

electrode, initiating rotation of sample plate; c, another air bubble is aspis 

d, new sample is taken [170] (by permission of the copyright holders, Elsev! 
North-Holland Biomedical Press, Amsterdam). 


3.1.3.3 Sampling of Solids si 
Unlike the samping of gaseous and liquid materials, in the case of solids an cles 
tional factor appears: the particle size. Most solid materials consist of dae 
of various sizes, and are characterized by pronounced heterogeneity. nig set 
the species of interest may be present only in a particular type of particle ( d. 
coarse, or discrete pure particles) or generally in particles throughout the Шей 
The various fine particles, granules or lumps present also take many differen 


ing of 
shapes. All these features increase the difficulty of representative sampling 
solid materials. 


The weight of sample 
ight of samp nding 


А ; e 
It is very important to know the amount of sample to take. It varies. dep scio 
OF 


on the purpose, within very wide limits, from several tons (for technol 
testing) to several grams (for chemical analysis). 

If the solid material were made up of equally sized particles 
constituent of interest uniformly distributed in them, the precision of $a! 
should be independent of the size of samples, as in the case of fluids. Ho 


s with the 
pling 
weve! 
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the mini 
: mum amo Pee 
size, number and rue Ў sample to be taken from solid materials depends on the 
detertitried. the an of Fac granules, the average content of the species to be 
the r V. difference between the speci aviti 
Eo, tied of the acceptable error рейн йаша Bi hail iil and 
O determin : 
é the z 
employed, which t amount of sample, several empirical equations are 
` ake i acc Я 
material. e into account the particle size and the nature of the 
Thus Bai 
: ailey [171] 
criteri suggested tha iz i i 
terion of sample size: 8 hat the size/weight ratio should be taken as a 


wt. of largest particle x 100 
(3.6) 


wt. of sample 


The va r 
mental е А that would give results agreeing within the acceptable experi- 
It was also b etermined experimentally by work with various types of coal. 
deviation (ot акан from the equation s = Vbp where s is the standard 
in question, cde of a given species) due to sampling and p is the content 
limonite intel а was applied to a limonite ore on the assumptions that 
Particles (assu about 10% silica, that all of the silica is present as the largest 
the sampling med to be cubic and having a density of 2.6 g/cm?), and that 
it was они rag deviation of the silica content shall not exceed 0.05%, 
Ponent M | that a sample of 39.4 kg would be required when the com- 
n em [172] nad a side of 0.336 cm, but only 1 g when the particle side was 
cio 
Widely merde by Demetrescu et al. [173] advanced an equation which is 
n practice: 

q = kd? 
where o; (3.7) 
coefficient 2: bir oh of ore sample (kg). d the particle diameter (mm) and k a 

Table 3.1 ws depends on the properties of the ore. 
Table Paar ui values of k for different types of ores. 
hifyenee of "he d from values calculated by Ceciott’s equation; it shows 
ype of ore and of particle size on the amount of sample. 


Harri 
Is and K P 
ratochvil [174] have given a statistical interpretation of relation- 
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as given 5 


(3.8) 
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Table 3.1 
The values of coefficient k for different types of ores [173] 
Ore k 
Coal 0.3-0.5 
Homogeneous ferrous ores 0.02-0.3 
Inhomogeneous ferrous ores 0.5-2.0 
Non-ferrous disseminated ores 0.2-1.0 
Complex sulphides of non-ferrous metals with uniform 
distribution of the useful ores 0.4-0.5 

Rare metal ores (W, etc.) 0.2-2.0 
Auriferous quartz 1.0-3.0 
Homogeneous apatite ore 0.4-0.15 
Ceramic feldspath 0.2-4.0 

Table 3.2 


The size of samples as a function of ore type and particle size [173] 


The diameter of large particles, mm 


The amount Very poor Very rich 
of sample orvery Роогог Rich or or very 
kg uniform uniform Middle non-uniform non-uniform 
ores ores ores ores ШРЫ! __. 
10000 207 114 76 32 5.5 
5000 147 80 54 22 3.8 
2500 107 57 38 16 27 
1000 65 36 24 10 1.7 
500 46 25 17 7 1.2 
250 33 18 12 5 0.9 
100 21 12 8 5 0.5 
50 15 8 5 2 03 
25 11 6 4 1.5 0.3 
10 7 4 3 1.0 2 
с 5 3 2 07 0.1 
2 3 2 1.2 0.5 
| 2 І 0.7 0.3 
0.500 1.5 0.8 0.5 0.2 - 
0.250 1.0 0.6 0.4 0.1 
0.100 0.7 0.4 0.3 
0.050 0.5 0.3 03 _ 
0.025 0.3 0.2 0.1 = 
0.010 0.2 0.1 _ _ 
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where п is the number of particles, p is the fraction of the component A and 
(1 — p) the fraction of diluent B. For the case that the A-type particles are 100% 
pure component of interest, the dependence of o on p (for p between 0.0001 
and 0.999) and on л is shown in Fig. 3.4. If о is taken as a measure of the 
sampling error, which is really related to the homogeneity of the sample, Fig. 3.4 
shows that if A represents a trace constituent (i.e. p is very small), a very large 


number of particles must be taken if the error is to be kept small. 


% Sample Error, Cs 


Particles in Sample 


Fig. 3.4 — Relati i in percentage and the total 
us Relation between the sampling error gs in percentage an 
апре of particles n for samples in which p ranges from 0.0001 to 0.999 [174]. 
Reprinted with permission from Anal. Chem., 1974, 46, 313. Copyright by the 
American Chemical Society.) 


ss A correlation between particle size and the number of particles per gram of 
ent for particles of a given density, is shown in Fig. 3.5. It is seen from these 
Wo figures that for the sampling error to be 0.1% for a determination of 50% 
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silica in a rock sample of density 3 g/cm, the analyst would require at least 10° 
particles in the sample, and thus would need to grind the material to pass a 
170-mesh sieve (U.S. or British Standard), if a 1- g sample were used. 

Many attempts have been made to arrive at a statistical theory of sampling 
error. It is easy to establish equations for the idealized case of a two component 
mixture of particles of identical size and shape, the species of interest being 
present at a different level in the one component from that in the other, but 
uniformly distributed in a particular component. This was first done by Baule 
and Benedetti-Pichler [175] on the basis of the Bernouilli equation, and has been 
extended by Wilson [176] and by Ingamells and Switzer [177,178]. Real systems 
are often far from ideal, of course, and in any case there are additional problems 
not allowed for in the idealized systems. In trace analysis, for example, if the 
element of interest is a trace constituent in one or more of the major types 
of component and is not a major constituent of a minor or trace component, 
the error caused by inhomogeneity in the sample taken for analysis will be small. 
whereas for the reverse case of the trace element being concentrated in a minor 
component of the mixture, the sampling error due to inhomogeneity will be 
large and a very large sample will be needed [179,180]. The classical example 
is gold particles in sands. 

The theory has also been extended to cover particle size distribution and the 
concentration distribution between different components of the mixture [181] 
and the results clearly show that the largest particles have the greatest influence 
on the inhomogeneity of the sample (which is why prudent housewives always 
cut a large potato in two before peeling it, to save effort if it is rotten inside). 

If the particle sizes and densities of the components are very different, then 
Segregation can very easily occur, as can readily be demonstrated to students 
with a mixture of salt, sugar and sand. It is always necessary to comminute the 
material sufficiently for the sample taken to contain an adequate number of 
particles of each constituent. Segregation has been considered by Visman € dl- 
[182-184]. Е 

The problem of sampling particulate solid material has been reviewed РУ 
Gy [179] and by Grant and Pelton [180]. 
| In general, the sample weight is not determined solely by statistical pur 
siderations of the kind just discussed, but may also depend on the nature ol the 
species to be determined, and the performance characteristics of the analytical 
method used. Most destructive methods of analysis use samples in the weight 
range between about 5 mg and | в. but for de a malleable 
and ductile element, occurring as the free eler 
the ‘assay ton’, approximately 

Non-destructive methods 


termination of gold ( а 
nent), much larger samples (e£ 
29 g) are required 
(X-ray. fluorescence. microprobe. etc.) b се 
is identification and z alvsi A samples, but because one of their piam LP eim 
analysis of inhomogeneities, also require repetitive applica 
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The divider method is an improvement on quartering. The device used 
consists of an even number of grooves positioned so that neighbouring grooves 
empty their content on opposite sides, into two receptacles. The material 
collected in one receptacle is used for further similar operations, continued as 
long as necessary, with dividers with increasingly narrower grooves. 


Preparation of samples for chemical analysis 

Solid samples such as ores or rocks received in the laboratory for analysis usually 
have a grain size of about 1 mm and weigh between 0.2 and 2 kg. They must 
be further reduced (by quartering) to a mass of several grams, then crushed in à 
mortar until the particles are less than 0.060 mm in diameter (pass through the 
10^ mesh/cm? sieve). Then the samples are either stored in screw-cap bottles 


(‘as received’ samples) or dried in the oven at 105-110°C for 1-2 hours and then 
stored in a desiccator. 


3.1.3.4 The Dispatch and Conservation of Samples 


Samples are sent to laboratories for analysis according to rules which ensure 
preservation of their integrity and identification. , 

Depending on their nature and consistency, samples are transported in alt 
tight metal, glass or plastic containers, plastic or waxed paper bags, etc. It is very 
important that samples are protected against contamination during handling, 
transport and storage. Some samples may change in composition if exposed to 
moisture, carbon dioxide or oxygen, or may decompose in presence of light BR 
as a result of temperature changes. A frequent source of contamination is reaction 
of the sample with the container material. To avoid this, it is necessary tO m 
the container according to the properties of the sample (volatility, corrosivity» 
dissolving action) and the constituent sought. For example, a water sample 
to be analysed for boron must be taken and transported in soda glass gin 
borosilicate glass. Alkaline samples must not be stored in glass vessels. Samples 
for trace-element determination have to be stored in plastic containers, but these 
are not suitable for organic solvents. Some constituents of samples Can е 
preserved only by fixing, i.e. conversion into а more stable state. Thus ы 
samples, hydrogen sulphide is fixed by precipitation with cadmium, zinc id 
copper salts; oxygen is fixed by precipitation with manganese(II) salts; hydro 
cyanide is fixed by addition of sodium hydroxide. 

Fortunately, most solid natural samples are very stable. Thus samples 
and rocks may be packed in coated paper, plastic sheet or wooden crat тй 
transport and storage. However, careless handling during transport may m 5 
loss of fine particles, and the sample is no longer representative when it a 
the laboratory. Such negligence may have the most surprising effects. 
example, an on-site examination of 10-kg samples of an alluvial deposit pecu 
that the fine particles contained titanium and zirconium minerals [185] bu! an re 
several tons of the deposit were sent to a central laboratory and attempts di 


of ore 
es for 


A l 
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made to separate the titanium and zirconium minerals, much to general surprise 
none were found. Investigation showed that owing to negligence during transport, 
the fine material containing titanium and zirconium had been lost and only the 
coarse material had reached the laboratory. 

For identification, the package must be clearly labelled with the source, the 
number of the sample, details of the sampling, name of the sampler, and the 
components to be determined. 

After the analysis has been done and the report made, the sample should be 
stored for some time, in case dispute arises. 


3.1.4 Decomposition of Samples 

The samples to be analysed are usually gaseous, liquid or solid mixtures, though 
sometimes they may consist of two or even all three states of matter, and 
for most methods of analysis, except a few non-destructive physical methods, 
must be converted into a one-phase system with the components of interest in 
measurable form. Hence, solid samples have to be brought into solution. 

The solubility of a substance is determined by the forces of attraction 
between its fundamental particles (ions, molecules) and between those of the 
solvent, and those between the solute and solvent (solvation forces). In general 
the solvation forces are related to similarity of structure of the solute and 
solvent. That is, a substance dissolves preferentially in a solvent with a structure 
similar to its own, an example being the high solubility of lower alcohols in 
Water and of higher alcohols in organic solvents. 

Dissolution of a substance is accompanied by the evolution or absorption 
of an amount of energy referred to as the heat of dissolution, which is the 
difference between two thermal effects: the energy required to detach ions or 
molecules from the solid material lattice and provide them with kinetic energy 
Of translation in solution (and to make holes in the solvent structure to accom- 
modate them), and the energy released by solvation of the ion or molecule 
(solvation is the formation of a layer of solvent molecules around the molecule 
or ion dissolved). One of the two effects (the binding energy of the solid or the 
Solvation energy) prevails and the solvation process is accordingly endothermic 
9r exothermic. The dissolution process takes place at the interface of the two 
Phases, so the sample is finely crushed to increase the surface area exposed, and 
the system is heated to increase the rate of the process. 

The solvents are selected according to the composition and structure of the 
Materials to be dissolved, care being taken to see that the excess of solvent does 
Not affect the further steps in the analysis. Many synthetic or natural materials 
such as some metals, minerals, ores and rocks are difficult to dissolve, and special 
techniques are sometimes required. 

Although the common techniques of dissolution have been known for a long 
time, even in this field some progress has been achieved, in particular in develop- 
Ment of reagents, chemically and thermally resistant reaction vessels, methods of 
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attack, control of contamination, and evaluation of dissolution efficiency [186]. 
The books by Sulcek ег al. [187] and Bock [188] are invaluable aids in choosing 
decomposition methods. 


3.1.4.1 Dissolution 


Strong acids, alone or in mixtures, dissolve many solid substances. Salts of weak 
acids dissolve in so-called non-oxidizing strong acids by simple protonation of 
the anion unless the solubility product is too low for this to occur (e.g. many 
sulphides), and in that case complexation of the metal ion by the anion of the 
acid, or oxidation of the anion of the salt, or both effects, will have to be brought 
into play. It is interesting that the dissolution of cadmium sulphide in hydro- 
chloric acid is not simply a consequence of protonation of sulphide, but also 
depends on formation of chloro-complexes of the cadmium. 

A few metals, owing to the amphoteric character of their oxides and 
hydroxides, сап be dissolved in both acids and bases. In the latter case, water 1S 
the oxidizing agent. 

Hydrofluoric acid holds a special position among dissolution agents. As it 
is a weak acid, its dissolution effect is due to the complexing properties of the 
fluoride ion, which are more pronounced than those of the other halides. 
Fluoride forms many fairly stable complexes, especially with cations of high 
charge density (Zr^*, Ti**, AI?*, Fe?*, etc.), the comparatively small size of the 
fluoride ion allowing the number of ligands to reach the maximum co-ordination 
number of the cation. As hydrofluoric acid reacts with silicon, it offers the 
great advantage of decomposing silicates and eliminating silicon from the reaction 
medium, by volatilization of H,SiF,; the drawback is that platinum ОГ plastic 
vessels must be used. Hydrofluoric acid will successfully dissolve Nb, Ta or 
ores that are normally resistant to attack, forming with them soluble complex 
fluorides ог oxide-fluorides. Since under identical circumstances it forms 
insoluble fluorides with Th^* and U**, the possibility arises of separating Nb, Та 
and W from Th and U. The fluoride ion would, of course, hamper the further 
chemistry of a determination because of its complexing properties, but fortunately 
is easily eliminated by volatilization as HF on heating with sulphuric or perch 
acid; however, some elements besides silicon give volatile fluorides (BF. Germ 
AsF3, AsFs) and may be lost in the dissolution process. 

Hydrochloric acid is frequently employed for dissolving solid samples. 
some naturally occurring substances such as the carbonates of Mg, Са, Ё Ti 
and oxides of Fe and Mn can be dissolved, but not the oxides of Al. Si, 5n. А 
Hydrochloric acid is used mixed with boric acid to dissolve certain ee 
(CaF,) or mixed with oxidants (HNO;, Н,О,, KCIO3, Вг», etc.) to disso 
mineral sulphides. 


Thus 


in the азо!” 


+Strictly speaking, the proton functions as : i if d 
. 5 4 реп is evolve 
as an oxidant if hydrogen is ut convent! 


tion process. and in that sense all acids may be regarded as ‘oxidizing’, b 
restricts the term to those in which the anion is the functional oxidizing agent- 
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Hydrobromic acid is less frequently employed but in some special cases is 
irreplaceable. Thus with gold, platinum and palladium in ores it forms complex 
bromides which are extractable into organic solvents. Likewise, used with 
perchloric acid it forms volatile bromides of As(V), Sb(V) and Sn(IV), which 
can easily be separated from the sample. 

Hydriodic acid dissolves some minerals, owing to its reducing character. 
Thus, either alone or mixed with hypophosphorous, phosphoric or hydrochloric 
acid, it reduces barium sulphate to sulphide and dissolves it. 

Nitric acid, alone or mixed with НСІ, H5SO4, HClO, or H3PO,, dissolves 
certain mineral components such as sulphides, selenides, tellurides, phosphates, 
arsenates, tungstates, etc. 

Some minerals are dissolved by use of other strong or weak acids, alone or 
mixed, e.g. sulphuric acid, perchloric acid, phosphoric acid and boric acid, a 
combination of protonation and complexation being the operative factor. 

Usually, to dissolve resistant minerals, sulphuric acid is used in a mixture 
with other acids. Perchloric acid decomposes phosphates (monazite included), 
and volatilizes ruthenium and osmium tetroxides; with boric acid it decomposes 
fluorides; mixed with sulphuric acid it volatilizes Re;O; and separates it from 
molybdenite concentrates. Phosphoric acid decomposes some resistant natural 
Oxides (U5Os, chromite, chromospinels); mixed with sulphuric and perchloric 
acid it dissolves iron and aluminium oxides. 

Since the reactivity of mineral acids rises with temperature and pressure, 
Wet dissolution gives better results when it is conducted in closed systems (sealed 
Blass tubes, or autoclaves). 

In the sealed-tube method, the substance and solvent are sealed in a hard- 
glass tube which is then placed in an open steel cylinder, or better, in a closed 
Steel cylinder with a compensating pressure produced by placing in the steel 
cylinder a substance which will turn into gas on heating and give rise to approxi- 
mately the same pressure as that formed by the reaction mixture inside the glass 
tube. Thus, temperatures as high as 300°C and pressures of 100 atm may be 
attained. Under these conditions of temperature and pressure and with adequate 
Contact time (sometimes over 24 hr) the ordinary acids may dissolve the most 
resistant synthetic or natural substances. Thus, concentrated hydrochloric acid 
can dissolve natural silicates (cordierite, sillimanite, amphibole, muscovite), 
Natural oxides (cassiterite, spinel, chromite), and oxides ignited at high tempera- 
ture (Al; Оз, ВеО, SnO, and HfO;) which would not be dissolved in the same 
acid at atmospheric pressure. The possibilities of dissolution in sealed tubes are 
Sreatly increased by use of mixed solvents (non-oxidizing acids + oxidizing 
acids + bromine, etc.). Although sealed-tube dissolution offers many advantages, 
it is limited in scope because the tube is made of glass and solvents such as 
hydrofluoric acid or strong alkalis cannot be used; there is also the danger of 
contaminating the sample solution with elements from the glass tube. 

Decomposition in an autoclave is more advantageous. New types of pressure 
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vessels with a plastic reaction vessel enclosed in a metal autoclave or bomb have 
been proposed, especially in silicate analysis. This new technique, still developing, 
did not come into wide use until the second half of the present century [186]. 

Even wider use of this technique has been facilitated by the development 
of organic polymers which can stand high temperature and pressure (Teflon, 
polypropylene, etc.) and has been necessitated by (a) the development and 
requirements of new instrumental analytical techniques (e.g. atomic-absorption 
spectrometry) in which high concentrations of salts in the test solution make 
the measurement difficult, and (b) increased demands for the determination of 
submicrogram amounts of elements; fusion decomposition cannot be employed 
because of high levels of impurities in the fusion agents, and undesirable reactions 
of the melt with the crucible walls. 

Reaction vessels made of organic polymers offer a wider choice of solvent 
(including hydrofluoric acid and alkalis) which increases the number of substances 
that may be dissolved. However, the temperature must be kept below about 
400°C and the amounts of sample and solvent small. 


3.1.4.2 Decomposition by Fusion 

Substances which are insoluble in water, acids or alkalis are decomposed by 
fusion with various fluxes. This is the most powerful decomposition procedure. 
The cooled melt dissolves easily in water or acids. In some instances, new 
solid phases may appear during the fusion, which makes it possible to separate 
some components in the sample during the decomposition process. 


Alkaline fusion 

The alkaline fluxes most frequently employed are sodium and potassium 
carbonate, individually or mixed. Silicate minerals are easily decomposed by this 
method and so are the aluminium-rich silicates as well as beryl, zircon an 
titanite, though with some difficulty. These last are better dissolved by fusion 
with hydroxides and sodium peroxide. 

The decomposition with carbonates is usually done in platinum crucibles. 
which are now very expensive, and careful consideration has to be given ® 
corrosion. Platinum is corroded to some extent by reaction with alkali metal 
oxides (resulting from thermal decomposition of the carbonates), with Ре) 
(if larger amounts of it are present in the sample) and with arsenic ог phosphorus 
(if present in the sample). 

The carbonate fusion is oxidative, especially when performed in а 
atmosphere, but to increase the oxidative power and the ability to decompose 
resistant materials, nitrates, chlorates, tetraborates, hydroxides, peroxides, oe 
are added to the carbonates. All these oxidative agents cause strong согон 
of platinum. Therefore, fusion with alkali metal hydroxides is best done ! 
silver crucibles and that with peroxide in nickel or iron crucibles. Howev 
development of comparatively cheap zirconium and glassy carbon crucibl 
led to their increasing use for fusions [189]. 
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It should be emphasized that during fusion with carbonates, some com- 
ponents such as arsenic, selenium, thallium and mercury are lost by volatilization. 

Alkaline fusion with carbonates may also be done with sulphur added. During 
the fusion polysulphides are formed, which form sulphides or thio-salts with 
certain elements. A subsequent simple extraction with water separates soluble 
from insoluble sulphides. The method is suitable for the dissolution of some 
minerals containing arsenic, antimony, tin, molybdenum, tungsten, vanadium, 
silver, germanium, etc. 


Acid fusion 

Potassium pyrosulphate is the most commonly used reagent. At high temperature 
it is dissociated into SO; and К,504. Sulphur trioxide reacts with metal oxides 
to yield readily soluble sulphates (except those of Ba and Pb). 

Sodium and ammonium pyrosulphate can also be used, but the former is hard 
to obtain and the latter is less reactive. Fusion with alkali metal pyrosulphate 
can be used to bring into solution iron, manganese, aluminium, titanium, 
zirconium, thorium, niobium and tantalum oxides as well as natural tungstates. 
Cassiterite (SnO;) decomposes only if sodium fluoride is added. 

Fusion with pyrosulphate is best done in silica crucibles, though porcelain 
and (up to about 600°C) borosilicate glass can also be used. Gold, iridium, 
platinum and corundum crucibles are also used but are slightly attacked. 

Potassium hydrogen fluoride and more rarely ammonium or sodium fluorides 
effectively dissolve resistant minerals such as oxides, phosphates (monazites, 
xenotime), silicates, niobates, tantalates, etc. 

Sodium or lithium fluoborate will easily decompose mineral oxides such as 
corundum, spinels, cassiterite and rutile, as well as a series of resistant silicates 
Such as cyanite, sillimanite, andalusite, topaz, staurolite, tourmaline and zircon. 
Fusion with borates and boric acid is similarly effective. 

After the fusion, it is usually necessary to eliminate silicon, fluorine and 
boron by volatilization as SiF4 and ВЕ; by fuming with sulphuric acid. It is 
Noteworthy that the alkali metal tetraborates are employed in preparation of 
Samples for examination by instrumental methods such as emission spectroscopy, 
X-ray fluorescence spectrometry, flame spectrometry, etc. The matrix effect is 


reduced in this way. 


Reductive fusion 

When fusion occurs in presence of a reductant, e.g. carbon, several cations may be 
Teduced to the metal and form binary or ternary alloys. This is most favourable 
for metals of high density which settle at the bottom of the reaction vessel and 
after cooling of the melt may easily be separated from the rest by mechanical 
Means. This kind of fusion applies mainly to separation and determination of 
Noble metals such as gold, silver and the platinum metals. Since the amount 
Of noble metals in areis low, they are collected in a ‘button’ obtained by adding 


le А 3 
ad oxide to the fusion mixture. 
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3.1.4.3 Other Decomposition Procedures 

Decomposition by fusion requires large amounts of reagents and as these are not 
always pure the danger exists of contaminating the sample. Further, as fusion 
usually requires a high temperature, unwanted reactions of the melt with the 
crucible walls may take place. To avoid these drawbacks the sintering method is 
often used, which requires a minimum amount of fusing agent but does not 
involve fusion, i.e. it is done at lower temperatures. Thus, the Lawrence Smith 
method, used for decomposition of silicates in determination of alkali metals, is 
based on sintering with calcium carbonate and ammonium chloride. Calcium 
oxide, formed during the heating, is highly reactive and gives rise to insoluble 
silicates, borates, phosphates and sulphates. Thermal dissociation of the 
ammonium chloride produces hydrogen chloride which reacts with the alkali 
metal ions. An advantage of the decomposition, compared with dissolution 
procedures, is the complete separation of magnesium, but the method is notorious 
for incompleteness of extraction of the alkali metals, and is now seldom used. 

Other sintering agents include sodium carbonate, alone or mixed with the 
oxide of a bivalent metal (Ca, Mg, Zn), sodium peroxide, etc. Even the most 
resistant minerals, such as silicates, oxides, sulphides may be decomposed. | 

Pyrolysis can be used for decomposition of some substances. Thus, heating 
organic substances or certain ores (carbonates, sulphates), will liberate volatile 
components such as water, carbon dioxide, sulphur oxides, which can be trapped 
and determined. Some metals such as mercury, lead and tellurium are also 
volatilized on heating and may be trapped. 

Other methods such as pyrohydrolysis and ion-exchange are used for the 
decomposition of some solid samples and for the separation of some components 
in solution, but are of more limited scope. " 

Organic compounds may be decomposed by combustion in an atmosphere of 


: $ а А iger 
oxygen, under dynamic (e.g. combustion train methods) or static (e.g. Schoms 
flask) conditions. 


3.2 BLACK-BOX 


ae - , s of 
A hundred centuries of the Gods are not sufficient to describe the wonder 
the Himalaya (Sanscrit saying) 


i nd 
It is a very difficult problem for the analyst, after taking the sample, to fir 


the best method, in terms of simplicity, speed and accuracy, for establishing the 
composition and nature of the material to be analysed. il- 
At the beginning of this century, the number of analytical techniques uir 
able was very limited, and only the most important components of the ав. 
were determined. The techniques now at the analyst's disposal have great 
increased the scope of analysis. For example, the need to determine very 5"! 
amounts of components of a sample has led to a well-defined branch of analytic 


Sec. 3.2] Black-box 105 


chemistry, namely trace analysis. Further, until recently the major emphasis 
in trace analysis was on the determination of inorganic species, but it is now 
realized that many of the most pressing problems require competence in trace 
organic analysis, to protect our health and environment, and to ensure the purity 
and nutritional value of our food. 

This task is further complicated by the fact that trace inorganic analysis 
is mainly concerned with elemental analysis for a finite number of elements, 
whereas the number of organic compounds of analytical interest is almost 
unlimited [190]. 

The diversity of the samples to be analysed, together with the multitude of 
analytical techniques and instruments available, poses the analytical chemist a 
series of problems to be solved for the desired result to be obtained. The analyst 
must choose the best combination of man, method and instrument for production 
of the desired result. 

We shall try, in the following sections, to make a systematic and critical 
study of analytical methods. This does not mean that we shall present in detail 
all analytical methods extant. That is the province of treatises and handbooks. 
What it does mean is that we shall try to distinguish between the useful and the 
futile [191, 192]. 

The analytical methods may be divided into two groups: those for deter- 
mination of composition, and those for establishment of structure or for 
identification. 

This classification is necessary because there are many chemists (and, sad to 
relate, many analysts) who consider structural analysis as belonging to physical 
chemistry instead of analytical chemistry. It is nevertheless very clear to the 
unbiased that both the elemental and the structural analysis of organic and 
inorganic compounds belong to the same discipline, namely analytical chemistry. 

The purpose of this section is to present a comparison of a limited number 
Of methods used for compositional or structural determinations, and chosen 
according to their importance in analytical practice. It is intended to serve the 
Students or specialists. who wish to discuss and to analyse other analytical 
techniques. 

To obtain the desired analytical information, expensive and sophisticated 
instrumentation is often needed. Not long ago, Laitinen observed [193]. 
"Looking at the past several decades of analytical instrumentation, one gets the 
impression that the trend toward complexity is not a linear but an exponential 
function of time. It is not difficult to recall examples of compounded intricacy 
that seem to support the idea of the toy theory Е A 

We must not forget a matter of particular importance for the analyst, namely 


that irrespective of its degree of sophistication or automation, a laboratory 
e and complexity of the sample, 


Instrument will be used, according to the natur | эз 
In order to obtain optimal analytical information in the shortest period of time. 
We shall emphasize this in what follows, giving some examples. 
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3.2.1 Composition 
3.2.1.1 Gravimetric and Titrimetric Analysis 


To many *modern' analytical chemists it will be anathema that at the start of the 
ninth decade of the 20th century, in a critical study of the performance of 
analytical methods, gravimetric and titrimetric methods are discussed first, since 
they will regard these methods as obsolete. However, the goal of this book 
is education in analytical chemistry, and such chemists as these are greatly in 
need of education. For one thing, a survey has shown that the most frequently 
used method of analysis is titration [194]. For another, without these classical 
methods, our knowledge of chemical reactions and chemistry would scarcely 
have advanced beyond the phlogiston theory, and chemical technology would 
still be in its infancy. 

In our opinion, these methods, which seem to the specialists old and 
obsolete, remain valid as control methods and for establishing the analytical 
standards on which practically all instrumental methods depend. Erdey remarked 
[195] “These modern methods, however, are without exception comparison 
methods, which are dependent on the use of classical analytical methods for 
standardization purposes". 

The gravimetric and titrimetric methods will always play an important role 
in the educational process and must have their place in the teaching of analytical 
chemistry. In any chemistry course, they provide almost the only part in which 
physical, inorganic and organic chemistry are brought together to show how the 
apparently autonomous branches of chemistry really form part of the whole, 
which according to tradition must necessarily be more than the sum of its parts: 
analysis is the only unifying branch of chemistry [196]. : 

Anyone claiming the proud title of ‘analytical chemist’ must of necessit 
fully knowledgeable in the whole range of techniques available, which includes 
the classical methods. 

Of course, rapid and automated methods of analysis are attractive, hat 
their novelty must not be allowed to sway judgement and obscure the fact d e 
they are not necessarily the best for a particular purpose (or, indeed, even ue 
fastest — some classical analyses can be completed in the time it takes for a 
instrument even to ‘warm up’!). k 

In a book which is now classical, Kolthoff and Sandell [197] үс 
“Anyone who has acquired sufficient skill to make an exact analysis ud 
factorily can adapt himself to the performance of a less accurate one — but t? 
reverse is not true”, 


: s - ings 
The gravimetric and titrimetric methods of analysis demand three thing 
from the chemical analyst: 


y be 


but 


(a) knowledge of the sample to be analysed; 
(b) knowledge of the chemical reactions involved; 
(c) knowledge of the necessary laboratory techniques. 
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Point (a) is valid for all analytical methods, especially for the destruc- 
tive methods of analysis, involving decomposition of the sample. All three 
requirements are interdependent, especially when the classical methods are 
used. 

The analyst using or developing gravimetric or titrimetric methods must 
know thoroughly the general theory of analysis as well as the basic principles 
of inorganic, organic and physical chemistry. 

Precipitate formation is probably the most wide-reaching type of chemical 
reaction in solution. The knowledge accumulated in this field has led to a diverse 
Series of analytical techniques such as thermogravimetry, amperometric titration, 
and use of ion-selective electrodes with solid membranes. 

The knowledge of the chemical reactions useful in analytical chemistry and 
the study of their mechanisms have enlarged the limits of their application and 
of the sensitivity of gravimetric and titrimetric methods. In this connection it 
is sufficient to mention complexometry and catalytic titrations. It has been said 
that we already know enough chemistry to solve any analytical problem, but 
What we lack is the ability to see how to apply that knowledge [198]. It is the 
function of education to supply that ability. 

Apart from their direct analytical application and utility, the classical 
methods also play an essential role in preparation of analytical standards. Two 
fundamentals of all analysis, which cannot be separated from one another, are 
the analytical balance and the analytical standard. It has been commented that 
“For some reason, standardization has come to be associated with titrimetric 
analysis, probably by association of ideas from the term standard solution, but 
it can refer not only to reagents but also to apparatus, to methods, and perhaps 
even to the analysts themselves" [199]. 

It must be emphasized that the gravimetric and titrimetric techniques 
have played a preponderant role in the preparation and especially the analysis of 
Standard reference materials, i.e., alloys, metals, rocks, slags, ores, biological 
materials, etc. These methods are, of course, used mainly for the exact determina- 
tion of the major and some of the minor constituents of the sample, the purpose 
for which they are best suited. Various factors such as the solubility of preci- 
Pitates and the values of equilibrium constants often — but not always — make it 
impossible to use these methods for accurate trace analysis, unless some sort 
Of preconcentration and separation technique is applied to a large sample (a field 
that is largely unexplored). For these reasons, and also because they provide a 
higher precision and accuracy for routine determination of major elements than 
any of the instrumental methods, the classical methods are still very much alive. 
Because of their role and value in analytical chemistry, these methods must 
be dealt with in lectures to students and correlated with the newest methods of 
analysis. 

To convince the young student of the proper 
both old and modern — that are available, it is nece 


role of the various methods — 
ssary to describe to him both 
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the theoretical principles and the practical application of these methods. How- 
ever, an excess of theory or practice should be avoided. The material taught must 
be ‘purified’, just like a precipitate, by removal of any kind of informational 
irrelevance (‘contamination’). 

An example of such a ‘purification’ was “Quantitative Inorganic Analysis” 
by Belcher, Nutten and Macdonald [200]. This book dealt mainly with the 
theory and practice of gravimetric and titrimetric methods. It should convince 
any unwilling beginner or cavilling ‘modernist’ of the role and importance of 
these methods as analytical techniques. 

To the older analytical chemists it is well known that certain books mark an 
epoch. Such books were those on qualitative and quantitative analytical chemistry 
by Treadwell, which taught the importance of knowledge of the chemical 
reactions used in analytical practice, as well as the necessary accuracy of quanti- 
tative determinations, and showed that the classical techniques represent a true 
art by means of which the analyst may obtain, using appropriate laboratory 
equipment, analytical results practically free from error. Treadwell was born in 
New Hampshire in 1857, completed his education in Germany, and after working 
under Bunsen and Victor Meyer, was made professor of analytical chemistry at 
Zurich, where he remained until his death in 1918. These biographical details are 


mentioned to show the working atmosphere and tradition in which his books 
were written. 


We shall now present particular examples of gravimetric and titrimetric 
methods, some of them often neglected by teachers, with remarks on their 
educational features. 

We will begin by reiterating that analysis is the only branch of chemistry 
which systematically uses the other three branches and demonstrates repeatedly 
their interrelationship. Several examples of this have been given elsewhere [196]. 
and here we will mention only a few ideas that seem to us fruitful for education 
of students. One of the criticisms made of chemistry by students is that it 
needs an enormous body of facts, and that much of the theory seems disjointed 
in the sense that there is sometimes no apparent connection between one bit an 
another. It is therefore important for teachers to do all they can to show students 
where cross-connections can be made (and it is not necessary to be an educational 
psychologist to realize that the more cross-links there are, the more likely i! s 
that the appropriate memory triggers will be activated). Hinshelwood's book on 
physical chemistry [201] is an outstanding example of what could be done. an 
the text on inorganic chemistry by Phillips and Williams [202] is also 2 most 
useful exposition of interconnections. 

Analytical chemistry also has its ‘statesmen’ capable of a synoptic view and 
with the ability to put it on paper, The names of Laitinen [203] and Ringbom 
[204] immediately spring to mind. Ringbom's outstanding achievement was ra, 
take the ideas underlying the effect of protonation etc. on solubility, together 
with the concept of apparent stability constants of complexes, and show how à 
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single approach — the ‘side-reaction coefficient method — could be used to deal 
with these and all other phenomena in which the conditions used may affect the 
result. Another unifying approach that can be taken is to buffers, indicators and 
titration curves for weak acids, where it is easily shown from the Henderson- 
Hasselbalch equation that an indicator can be regarded as a buffer of extremely 
small capacity, and that the same pH vs degree of neutralization plot will serve 
for all three systems. It is then easy to show by analogy that similar considera- 
lions apply to complexometric and redox systems. and that the titration curves 
io the same general shape because the underlying equations have the same 
rm: 


a-btcl Ё 

b + с log (3.9) 
А Entropy is a highly fruitful source of material for giving students insight 
Into chemical systems, since it is often the decisive factor in a chemical reaction 
system. Ellingham diagrams, for example, can be used to explain the choice of 
Conditions for ignition of precipitates collected on paper. DCTA complexes are 
generally more stable than EDTA complexes because of an entropy effect, 
and it is the entropy change which is responsible for formation of the EDTA 
complexes of aluminium, magnesium and zirconium. The effect of substitution 
of electron-withdrawing groups on the dissociation constant of acetic acid is 
also an entropy effect. Steric effects and hydrogen-bonding play a significant 
role in deciding the stability of many complexes, and most organic reagent 
systems for determination of metals can be used to illustrate the interplay of 
physical, inorganic and organic chemistry in the design of a successful analytical 
Procedure. 

It is well known (but freque 
i an unrivalled opportunity for teacl 
е i je analysis — if taught properl ; Or 
s гсіѕе his powers of observation and deduction to the full. The vitality of 
reaction chemistry and qualitative analysis is demonstrated by recent books 
on these topics [205-207]. In honesty it must be admitted, however, that if 
qualitative analysis is taught badly (i.e. simply as use of ‘the tables") it can be 
not only uneducational but also likely to give а student a dislike for analysis, 
s even for chemistry. The answer is simple of course: the teaching of analysis 

ОША be done only by enthusiastic experts and not left to someone who is as 
“ninterested in the subject as he is ignorant of it. 
that - will now discuss in some detail two topics d 

alysis is the meeting point of the other branc 


ntly forgotten!) that analytical chemistry 
hing inorganic reaction chemistry, and 
у — gives the student the opportunity 


that well illustrate our argument 
hes of chemistry. 


Bieri 
c "EN | 
Thi ipitation from homogeneous solution 
hi д | | 
pit S technique is based on the slow generation of one cons 
ate within the solution itself. The rate of increase of the react 


tituent of the preci- 
ant concentration 


110 Education in Analytical Chemistry (Ch. 3 


can be regulated, and therefore this technique is kinetically controlled precipita- 
tion. The precipitant is produced in situ homogeneously throughout the solution 
as the result of hydrolytic, synthetic, or redox reactions. This technique offers 
the advantage that the precipitates formed are less bulky and have higher purity. 

It was first described over a hundred years ago by Chancel [208], who 
recommended sodium thiosulphate for the precipitation of aluminium as the 
hydroxide, though he did not present the method as precipitation in a homo- 
geneous system, and a century elapsed before its rediscovery by Willard and 
its subsequent development by Gordon and his school [209]. The precipitates 
produced by this technique are usually denser and more easily filtered off, 
occlusion of impurities is reduced, and larger amounts of material can be handled 
with improved separation from potentially interfering ions. However, the 
technique can result in thin films of precipitate being formed on the beaker 
walls, and these can be difficult to remove, and the wary analyst will always 
check to ensure that this has not happened. Another pitfall for the uninformed 
is that a sufficient excess of parent reagent and adequate reaction time must be 
allowed when it is the precipitant that is produced. Even an elementary knowledge 
of kinetics should reveal that the smaller the concentration of reagent the longe? 
it will take to produce a given amount of product from it. The technique also has 
the great disadvantage of being much slower than the traditional precipitation 
methods. 

There are various methods for precipitation in homogeneous medium. 

(i) Increase in pH. Most precipitates formed by use of organic reagents are 
in effect salts of weak acids, and hence are produced quantitatively only within 
a certain pH-range, the lower limit being set by the protonation constants of the 
ligand and the side-reactions of the cation with hydroxide ions and any other 
anions present, and the upper limit by the side-reactions of the cation 2^ 
possible further dissociation of protons from the ligand. Hence precipitation can 
be made to occur by controlled increase of the pH of a homogeneous solution 
that is initially too acidic for precipitation to occur, usually by the hydrolysis © 
a suitable substance. Urea is probably the most useful substance and very often 
used, but hexamethylenetetramine (urotropine) is also popular. 


2H* + (H,N),CO + H,O > 2NH + CO, (3.10) 

+ JH 

NA(CH;), + 4H* + 6H,0 > 4NH; + 6HCHO (340 

In principle, the same technique can be used to form precipitates of hydrated 


oxides, but experience has shown that it is better to form a basic salt. and that 
often a specific anion is needed if a satisfactory precipitate is 10 be obtaint 
Thus Willard and Gordon [210] found that in the precipitation of thorium 
the urea method, formate will give dense precipitates but acetate will not. 


Sec. 3.2] Black-box 111 


ы release. This method is somewhat restricted by the lack of suit- 
Ена м — e.g. esters and amides, which should preferably but not 
nhi. Mec vater-soluble, and which must hydrolyse at a satisfactory rate in 
of DERE: е has been shown in the precipitation of sulphides by use 
ا‎ mi e as Teagent [211]. Sulphamic acid and dimethyl sulphate are used 
precipitation of barium, and dimethyl oxalate has been used for precipitation 
of calcium. 
"E. ү release. Precipitation from homogeneous solution can be brought 
ome E! ehirtrolleg release of the cation from stable complexes in a solution 
ofthe ai : precipitant anion. The release may be achieved by destruction 
сой ha rs. agent (e.g. oxidation of the organic moiety of an EDTA 
af the sido 2 talon of cyanhydrin from a cyanide complex), protonation 
anion!) sees agent (provided this does not also protonate the precipitant 
—— sins acement of the cation by another cation forming a more stable 
i not reacting with the precipitant.T 
sie i synthesis. This is based on in situ synthesis of an organic 
ушак ы та The best example is the reaction between biacetyl and 
and pillar nine to produce dimethylglyoxime for the precipitation of nickel 
lum. 
"m4 pee from mixed solvents. This 
Wier: Sto Ns sas the original solution containing al 
"p the ible organic solvent (more volatile than water; us 
th ae Tru chelate in solution. The solution is then he 
anic solvent preferentially and so cause precipitation. 
dane ieee change. The controlled change of the oxidation state of an 
solution frequently been used to bring about precipitation from homogeneous 
нелі or example, the reduction of copper(II) to copper(I) with hydroxyl- 
to the Ы chloride occurs slowly in acetate media, and this has been applied 
Precipitation of copper(I) thiocyanate from homogeneous solution. 
m Pie from homogeneous solution has been reviewed by Cartwright 
[213,214] . and Table 3.3 gives a survey of systems available for inorganic 1ons 


method works only for organic 
Il the reagents and sufficient 
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ated to volatilize 
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a 7 
М tions in non-aqueous media 
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У titrations аге impossible to perform in aqueous medium, because either 


de е а і А " 
igh ubstance is insoluble or the equilibrium constant for the reaction is not 
е : m see, n 
orl Nough. Such titrations often become possible if a different solvent is used. 
па . 
ander [215] was the first to use a titration in non-aqueous medium. In 1903 
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he titrated aniline with hydrochloric acid dissolved in benzene. Even today, 
many analytical chemists consider this method as unimportant, although its 
utility has been proved time and again, for the determination of compounds 
sparingly soluble in water or too weak for successful titration in aqueous medium. 
Little attention is paid to this kind of titration in most textbooks on titrimetric 
analysis or in practical courses for students. 


Table 3.3 
Precipitation from homogeneous solution [213,214]* 
(Reprinted with permission from Anal. Chem., 1966, 38, 469R and Anal. Chem., 
1968, 40, 608R. Copyright by the American Chemical Society.) 


Element Technique Conditions Separation} 
Barium Anion oxidation М№а,50;, H,0,, EDTA, Ca, Fe, Mg, Pb 
and cation release NH3-NH40Ac, pH 10 — 81 
Beryllium Hydrolysis Acetylacetone, ethylene- Ca, Cu, Fe, Mg 
diamine, pH 9.7, 80°C —Al 
Cerium Photochemical K104, mercury lamp, 0.4M Y, Nd 
reduction H,SO, 
Copper Hydrolysis 8-Acetoxyquinaldine, pH 6, Al 
dried, 130°C 
Synthesis Phenylhydroxylamine, Ag, Ni, Zn 
NaNO», 0.1M НСІ, 5°C 
Indium Hydrolysis 8-Acetoxyquinaldine, Al, Ca, Mg, Pb 
pH 4.5, 80°C АІ, ба — 
Iron Hydrolysis S-2-Pyridylthiuronium Al, Ca, Th, Ti 
bromide, citrate, NH4SCN, —(Co, Cr. Cu 
pH4 Mn, Ni, Zn)8 
Lead Anion oxidation — Sulphamic acid, HNO3 Al, Cu, Fe, Мп, 
Ni, Zn 
Nickel pH increase 1,2-Cyclohexanedione Many metals 
dioxime, acetamide, 
pH 1.2, 90°C 
Enzymatic Dimethylglyoxime, urea, As, Cd, Fe, Pb 
hydrolysis citric acid, 0.01% urease, — Со, Hg, Pt, Te 


pH 4.4, 35°C di 
Salicylaldehyde, NH,OH, Al, Cr, Fe, MP’ 
tartrate, pH 6, 25°C Zn А 
Р (- Cd)£, Со, C" 
Salicylaldehyde, NH,OH, many metals 
0.4M H4SO; ~ü 


Synthesis 


Palladium Synthesis 
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Table 3.3 (continued ) 


Eleme i 
nt Technique Conditions Separation} 
Thori 
onum Photochemical NalO,, mercury lamp, 1M Ре, Ті, Zr 
" reduction HCIO; (a 
itani И 
anium Cation release H50;, pH 2.5 Mn, W 
Synthesis Phenylhydroxylamine, Al, РО, VO3 


NaNO), tartrate, 0.5M 
H4SO,, 0-5°C 


Wraps 
ranium Volatilization of 8-Quinolinol, acetone, Mg, Pb, Th 
solvent EDTA, pH 5.8 | 
Synthesis 2-Naphthol, NaNO;, Al, Ca, Ce, Mg, 
Zine HOAc, 5°C Pb 
Hydrolysis 8-Acetoxyquinaldine, Al 
Zireoniun acetone, tartrate, pH 6.5 —Mg 
1 Synthesis 2-Naphthol, NaNO;, AI, Ca, Ce, La 
HOAc, pH 2.3, 5°C 
Synthesis 1- Hydroxy-2- propyl- AI, Fe, Th, Ti 
mandelate, 5-6M НСІ, 
85?C 
Synthesis Phenylhydroxylamine, Cu, РОЗ”, Ti 
NaNO», NaF, EDTA, 1M 
Se Н,504, 5°C 


* = 
The ref, 
Teferenc 
es n : " n РИ ; n 
А Negative sio. to the determination can be found in the original publications [213,214]. 
S Interference re indicates interference. 
Interference removed by masking. 
ce removed by change in procedure. 
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o Wok ea petrochemical industries. 
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introduction to this subject). For the student, however, the best account is 
perhaps that by Budevsky [220]. 

Kreshkov [221] has remarked that the development of the theory has 
resulted in the successful differential titration of multicomponent mixtures. This 
is illustrated in Fig. 3.6. 


тү 
-600 


Volume 


Fig. 318 Potentiometric titration curves of multicomponent mixtures of acids 
in methyl ethyl ketone medium. A — HCIO,: B- HCl; C- (СООН), ; D 
HOOC.COO* E — I-naphthol; F - HNO, .G CCl,COOH: Н - CH,COOH. 


The theory today is developed to such an extent that it is possible with 4 
reasonable degree of certainty to predict the behaviour of a substance dissolved 
in a given solvent, to explain theoretically the processes involved in the titration 
of different solutes, to choose the best solvent and titrant for a specific titration, 
and to make quantitative predictions, etc. 

A particularly important physical quantity for choice of the solvent i 
relative scale of acidity, E, of the solvent to be used. This is expressed 25 the 
difference (in mV) between the half-neutralization potential, Ey, вон” pr i 
strong base (e.g. tetraethylammonium hydroxide) and the half-neutralization 
potential, Ev, Han, of a strong acid (e.g. perchloric acid): 


s the 


Es = Ennan — Ep вон (3.12) 


Analytical chemists are able to judge the acid-base properties of solvents by 
the length and position of the relative scale of acidity (Fig. 3.7). 
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Relative scale of acidity of some non-aqueous solvents [221] (by 
n Press, Oxford). 


Permission of the copyright holders, Pergamo 
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They are also able to choose the best solvent or mixture of solvents to be 


used for titration of multicomponent mixtures of electrolytes displaying acidic 
or basic character (Fig. 3.8). 
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Fig. 3.8 The change of relative acidity scale of mixed solvents. 1, Dimethyl- 
formamide + glycol; Il, tert. butanol + water; Ш, pyridine + methanol [221] (by 
permission of the copyright holders, Pergamon Press, Oxford). 


The latest development is the study of use of ion-selective electrodes 10 
extend the scope of application of titrimetry in non-aqueous media. A recent 
book on applications of ion-selective membrane electrodes in organic analysis 
[222] includes a chapter on this topic, covering the use of glass electrodes: 
resin-membrane electrodes and homogeneous and heterogeneous membrane 
electrodes. 


3.2.1.2 Atomic- Absorption Spectroscopy and Anodic Stripping Voltammetry 

A e 

These methods are completely different in principle. They will be compared € 

because their performance is similar and they complement each other. The! 

most important feature is the particularly high sensitivity, which makes ther 
appropriate for trace analysis. 

ч : в 

Atomic- absorption spectroscopy and the complementary technique of flam 


photometry are derived in principle from the flame studies made by Kirchhoff. 
Bunsen and Teclu. 
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In ane 
р xcellent Ms А 
characteristics of due Mavrodineanu and Boiteaux [223] discuss in detail th 
Practice of the flame па; and the equipment and applicability іп мг ti : 
to the work of Te У techniques. Curiously, these authors pay little алыса 

S ; М 

Wed Teclu bumer er whose name is now mainly associated with the widely 
Processes [224] ‚ although he published a great deal on flame and inicie 

Becau А 

ause flame emissi 

number of elements m spectroscopy is limited to the relatively small 
(ш Vous: in the aha c be excited at flame temperatures, this technique 
Ra 30-1950) became reg: i-ob 
: made to produce highe 0) became regarded as semi-obsolete. Efforts 
Berelis diuspde fr gher temperatures by use of cyanogen- oxygen hydrogen- 
number of elements P sinc or hydrogen-fluorine flames, and increase the 
owing to the technic: rat could be determined, but were not completely successful 

It was neces: nical difficulties and limited performance 

Sar 1 imi i 1 
y to find similarly simple methods that would be applicable 


to a la 
Noa number of elements 
omic-abs i i 
tool by Walsh ease spectrometry (AAS) was introduced as an analytical 
Ee 6] in 1953 and by Alkemade and Milatz [227,228] in 


1955 5 
Winefor pan 
dner e e 
er et al. [229,230] reported the first successful analytical 
AFS) with the determination 


applicati E 

rd r a ee spectrometry ( 

ШЕ the late cres y, (though again the phenomenon had been known 

a lication auia гу). h 1959 L vov began to publish his classic work on 
н ysis [231] (и : ташап excitation for quantitative atomic-absorption 

Staphite tube i carbon furnace method). Massmann [232] described his 

system for use in both AAS and AFS, and West [233] developed 


the 
Carbon-r 
N-rod atomizer system 
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^ ugh 
айва, man А ; 
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Plicabitity ш ) has become important because of its sensitivity and its wide 
ASV has Aus analysis at the ng/ml level. 
analysis, nis ower detection limit than most ot 
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compare the performances and deficiencies of these methods. 
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An interesting study of this subject has been published by Cahill and Van Loon 
[239]. 
We shall use for comparison the detection limits, the selectivity and the 


range of applicability in order to evaluate the analytical usefulness of these 
methods. 


Detection limits 


Non-flame (electrothermal excitation) AAS has been shown experimentally to 


give lower detection limits than flame AAS, for most elements. Some examples 
are given in Table 3.4. 


Table 3.4 
Comparison of detection limits (ng/ml) [238] 
(Reprinted with permission from Anal. Chem., 1974, 46,1257A. 
Copyright by the American Chemical Society.) 


ASV AAS 
Element - " TONES 
Differential pulse Linear scan Flame Nonflame 
Bi ess 0.01 46.0 3.0 
Cd 0.005 0.01 0.7 0.01 
Cu 0.005 0.01 2.0 0.3 
Ga 0.4 da 38.0 
in 0.1 " 38.0 e 
Pb 0.01 0.02 15.0 0.5 
Rh xs 10.0 30.0 eT 
Sn 2.0(ac) e" 30.0 0.1 
TI 0.01 0.04 13.0 1.0 
Zn 0.04 0.04 1.0 0.008 


This table also shows that the detection limits of ASV are close Е бана 
non-flame AAS, and that differential pulse stripping (DPASV) gives = in 
limits than scan stripping (LSASV). These facts are particularly ie ie 
connection with the applicability of non-flame AAS and ASV. The methods 
complementary and can be used to check each other in trace analysis. mple 

Non-flame AAS has a great advantage over ASV when the volume T€ be 
to be analysed is very small. Although under special conditions ASV rk 
applied with volumes of sample as small as 100 ul, the volume of 5o zin 
needed is usually 1-50 ml, similar to that for flame AAS. The volume ae 
for electrothermal AAS is only 5-100 ul, making this technique pim: we 
when only a limited amount of sample is available. Against this, howeve uate 
have to set the difficulty of measuring out such small volumes with ades 
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recisi а м 
Precision, and even with microprocessor -controled dispensers. precision of 
sample volume becomes a limiting factor in the over precision. 

Because of the similar sensitivity of ASV and non-flame AAS, many research 


workers use both techniques for the same sample, in order to ensure the reliability 
of the analytical information. For example, blood samples have been analysed by 
the electrothermal method and the results compared with those obtained by 
anodic stripping voltammetry. As shown in Table 3.5, good agreement was 


obtained. 


Table 3.5 
Lead determination in capillary blood samples by non-flame AAS and anodic 
Stripping voltammetry (ASV) [240] (by permission of the copyright holders, 
Elsevier Publishing Co., Amsterdam). 


Sample no. Non-flame AAS ASV 
1 49 52 
2 54 54 
3 61 61 
4 40 41 
5 41 44 
6 30 26 


Though in terms of detection limit there is not much difference between 
non-flame AAS and ASV, the latter is more advantageous in terms of multi- 
element analysis. ASV can be used for successive determination of some 4-6 
elements in the same sample solution with no additional plating time or equip- 
ment. In applications such as this, ASV requires less time for the analysis than 
Sequential atomic-absorption measurements. Simultaneous multielement AAS is 
Possible but requires more complex equipment (multiple or multielement lamps, 
multiwavelength monochromator arrangements, etc.) [238]. 

Another advantage of ASV over atomic-absorption is that it can sometimes 
discriminate directly between various oxidation states, which is impossible 
by AAS unless a preliminary chemical separation is made, since as its name 
Indicates, A AS involves neutral atoms, not ions. 

, A typical case is that of arsenic, for which ASV and DPASV are particularly 
Suitable methods, and some interesting comparative work on them has been 
Published by Forsberg et al. [241]. Flame atomic-absorption is relatively non- 


Sensitive for arsenic, and the absorption line is at about 193 nm, where there is 
s. Some procedures have also 


ab $ M j 
Sorption of radiation by atmospheric constituents. > ha 
Sen developed which involved reducing arsenic to arsine, then determining the 
Arsing by atomic-absorption. The arsenic may also be determined at trace levels 
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by neutron-activation analysis, but this requires access to a nuclear reactor and 
isti counting equipment. 

CC vut TEES by both ASV and DPASV was 0.02 E 
Gold was found to be superior to platinum as a working electrode material. TES 
most satisfactory procedure for reducing arsenic(V) to arsenic(III), m 
because arsenic(V) is not electroactive, involved heating arsenic(V) with so ee 
sulphite in concentrated acid solution. Thus total arsenic was determine E 
electroactive arsenic(III) after the chemical reduction, and the arsenie(¥) i = 
found by subtracting the amount of arsenic(III) originally present (found 
direct analysis of a separate sample). 


Selectivity 


This parameter is particularly important in analysis, and must always - kis 
cussed in a comparative study of methods. If the techniques are similar in na tei 
the comparison is easy to make, but if they are based on different aem nt 
comparison is difficult or almost impossible, because the specific фиш. 
for each method must be taken into account. Such a difficulty occurs In 
comparison we are about to make of the selectivity of AAS and ASV. 

In the broadest sense, speaking about selectivity means discussing any „ for 
that can cause interference in the determination, and the means available 
preventing interference, i.e. improving the selectivity. m of 

Pinta [242] has given an extremely wide-ranging account of the proble 
interferences in atomic-absorption spectrometry. Flame and non-flame fe 
have certain interferences in common, but there are some interferences that 
specific for one or the other of the two techniques. 

In flame AAS there are four main types of interference: m „їй; 

(a) spectral, due to overlap of radiation or absorption or emission ban im 

(b) physical, due to change in the physical properties of the analyte solu 


ime: 
: Cro А : in a given tm 
causing variation in the amount of solution reaching the flame in а gv 

these interferences are not specific; 


factor 


| s Р , cific; 
(c) chemical, due to chemical reactions in the flame; these are spee chert 
(d) physico-chemical, such as ionization; they depend on the 

composition of the sample to be analysed. 


кый 

Because of the narrowness of the resonance lines, spectral overlap of m to 
lines is very rare, only about six cases being known, and it is usually may 
find a second resonance line suitable for the analysis, though the sensitivi уроп 
then be poorer. However, interference may be caused by molecular ation 
bands of other species in the flame (which will manifest itself as an 2 


„ption 
) ‘i ; a absorpt 
absorption signal) and by resonance fluorescence of the analyte (1.6: ^ signa” 


and re-emission of the incident resonance radiation, resulting in à lo dealt 


e -afi be 
Any emission from thermally excited analyte atoms in the flame не the same 
with by using modulated incident radiation and a detector tuned бө leave the 
frequency, which will eliminate the ‘direct current’ emission signal, an 
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‘alternating current’ absorption signal for detection, but the molecular absorption 
and the fluorescence interferences cannot be dealt with in this way. 

If particularly concentrated sample solutions are sprayed into the flame, 
two other spectral effects can arise. One is scatter of the incident radiation by 
the clotlets formed in the flame by evaporation of the solvent and incomplete 
volatilization of the solid left. This can be dealt with by use of a background 
correction made by measuring the ‘absorption’ (i.e. the scatter) at wavelengths 
close to the absorption line but not overlapping it. The other effect is more 
subtle, and is the pressure broadening or collisional damping; as a result of the 
polarization occurring during the collision of the analyte atom with another 
atom in the flame, the broadening is asymmetric, the line profile being shifted 
towards the long-wavelength side, resulting in lower absorption at the line centre. 

In AAS (and also in AFS) the term physical interference is usually employed 
to denote any influence of other materials present in the sample solution besides 
the analyte element, on one or more of the physical processes involved during the 
nebulization and atomization, and dependent on one of the physical properties 
of the sample solution. The principal interferences result from the effect of 
solution viscosity on sample aspiration, and the effect of the surface tension, 
Vapour pressure and temperature of the sample solution on the nebulization 
Process and solvent evaporation. 

The most important interferences in flame atomic-absorption spectroscopy 
are chemical. They may be classified into atomic interactions (in the vapour 
phase), and molecular intereactions. The molecular interactions are practically 
all chemical reactions. 

There are a large number of chemical interferences, the common feature 
being that the interfering materials affect the efficiency or extent of atom 
Production from the analyte. The most interesting are the effects of different 
anions such as borates, silicates, phosphates, etc. For example, phosphate 
influences the determination of magnesium and the alkaline-earth metals by 
formation of thermally stable compounds which are resistant to atomization 
in the flame. Such interferences are generally overcome by the addition of 
excess of chemicals which release the analyte by forming a still more refractory 
Compound with the anion, or in some cases by use of flames that are much hotter 
Or are strongly reducing. Sometimes such interferences may be eliminated by 
addition of Bei - [ the interferent to all samples and standards, 
езе sufficient excess O Е tin the sample, but there 

y ‘swamping’ the effect of the interferent present 11 


Will be а loss of sensitivity. 

TG physico-chemical interference 

Problem in the ground-state atomie р 

ionized can be dealt with by addition © 
metal (provided the metal does not С 

In the case of поп-Пате (electrothermal 


ferenc i ins 
ence are divided into physical and chemical. 


caused by ionization arises from the 

opulation if part of it is ionized. The 

f a large excess of a salt of a more easily 
8 


ause other interference). ; 
atomization) AAS, the types o 


Inter 
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The physical interferences have the following sources. : 

(a) Sample introduction. Variation in the sample size or position can give 
rise to a variation in the signal response. These signal variations can be reduced 
by use of integration instead of peak-height measurement. | 

(b) Background signals. Large concentrations of matrix material vaporized 
during the atomization Stage can cause scattering of the incident light beam. 
Molecular species vaporized during the atomization stage can cause molecular 
absorption by their broad band and line spectra. All three effects give rise to 
spurious analytical signals which can be dealt with in many cases by the use 
of background-correction techniques, but the precision will be poorer. 

(c) Memory effects. Incomplete atomization of an element can = 
enhancement in subsequent analytical determinations; if the element is аПоме 
to accumulate on the atomizer unit the errors become progressively greater. This 
occurs especially in the determination of the elements which form refractory 
oxides (V, Mo, W, Zr, etc.). This effect may be eliminated to a large extent by 
using higher atomization temperatures or a clean-up heating of the graphite 
atomizer. 

(d) Ionization effects. 

Chemical interferences are also due to several factors. г 

(a) Pyrolysis losses. Losses of the analyte can occur during the sla 
Stage if the element concerned is Present in volatile form or can be converte 
into volatile form by the sample matrix. МӘСЕ 

(b) Anion/cation interferences. These interferences can often be MU 
by close matching of standards to samples or by solvent extraction posee 

(c) Condensation. This lype of interference is particularly шщ Ши, 
with the filament type of atomizer. The effect can be minimized by using t^ 
hydrogen-diffusion flame, ЕТ. 

(9) Carbide formation. To minimize this effect it is essential to saat 
the atomizer in a reproducible condition, e.g. by the use of pyrolytic coating. 
to use a metallic atomizer, ей 

(e) Nitride formation. This effect arises when nitrogen is used as the 1r 
shield gas, but is usually negligible, — te 

We have dwelt at length on the problem of interferences in AAS in orde m 
demonstrate that even in the case of this technique (which was originally pod 
to be free from interference) the nature of the sample to be analysed may 
paramount importance and must be known by the analyst. 

Anodic stripping voltammetry is also subject to a series балайда sä 

(a) Overlapping stripping peaks. Use of a different electrode materia 
different supporting electrolyte often eliminates this problem. „trode, 

(b) Intermetallic compound formation. If mercury is the working elec Fd 
this kind of problem is generally less severe when the concentrations © 
metals dissolved in it are low. 


the 
(c) Electrode surface films. ASV peak sizes are very dependent ОП 
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nature of 
the elec 2 
fors ectrode surface T 
on ce. It is pro at this ki 
i non-reproducible ein probable that this kind of effect is the reason 
selectivity c : м 
an b j 
дЫ selectivity of the e improved by electrochemical means, such as increasi 
etermining a metal i шн step (e.g. by using a potentiostat v. 
à mors in the presence of a te 
selben d of a more electronegati i 
: б А 2 ive one), or 
Instead of d.c. volt onitoring method for the stripping EES (e = cease 
ЫГЫ Á ‘ g ‚в. by using a.c. 
material), metry, or a galvanostatic method, or changing "d viene 
Com i І 
: plexing ag 
- en i 
Stripping step pi eee provide many ways of improving the selectivity of the 
1 i 4 : 
mercury electrodes Pal there is a considerable literature on this in the case of 
n the electrode г S ver data are available on the effect of complexing а 
eactions of metals at solid electrodes iid 


Anal 5 
ins ж applications 
1 the poi и 
ор int of vie ао 
арп, же pan erg analytical application, there is one factor which, in our 
- Е hün-flgjge AAS n ASV being less commonly used in laboratory practice 
а se for rebên is, and that is that non-flame AAS is regarded as easier 
-flame fai to ers of samples, but this is simply due to the automation of 
- f only the - ing more advanced than that of ASV. 
Б | nsitivity a ud f 
+ My ЫЙАР ron and selectivity are taken into account, both techniques 
arger numb ormance, the only difference being that AAS is applicable 
he Poen of elements than is ASV. 
ical applications of AAS are ext 
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cae and biochemical and clinical analysis. Thus AAS is widely used 
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Table 3.6 
Summary of selected ASV applications [ 238]. 


(Reprinted with permission from Anal. Chem., 1974, 46, 1257A. Copyright by 
the American Chemical Society.) 


Type of 
working 
Element Sample electrode 
determined type(s) used* Comments د‎ 
Ag Natural water WIG Linear scan stripping (LSS) А 
s Rain and snow WIG & PG Two types of graphite electrodes озн. 
Ац Drugs and serum CP Rotating ring disk electrode used to imp 
reproducibility 
Hg Natural water WIG "T schniques 
Sn Geological HMDE Both linear scan and a.c. stripping tec 
materials used a 
Zn, Cd, Pb Sea-water HMDE Stripping carried out with matched Hg Е 
drops, only опе of which had been dy 
for deposition, to cancel backgroun 
difference measurement techniques 
Zn, Cd, Pb, Atmospheric HMDE  LSS 
Cu particulates 
Natural water HMDE LSS 
Estuarine waters HMDE а.с. stripping 
Pb Blood HMDE Small samples required 
Atmospheric HMDE LSS 
particulates 
Zn,Cd,Pb, Atmospheric MTFE LSS 
Cu particulates 
Zn, Cd, Pb, Natural water MTFE Lability of metal complexes in water 
Cu estimated iti 
Pb Blood MTFE Large electrode areas and long deposit 
times used to analyse trace levels in 
digests al ion 
Pb, Cu, Cd Natural water MTFE Labile and acid exchangeable metal 1 
concentrations determined lar-weight 
Cu Secondary sewage MTFE Sephadex used to separate molecula urs in 


^ + ^u occ 
effluents fractions and establish that Cu 
two distinct fractions 


T 
i i e not require 
Wax impregnation of electrode no 


Pb, Cd, Cu Natural water and MTFGH 


reagents 
Rh MTFGC 107M Rh determined lysed bY 
Pb, Cd Natural water, MTFGC Small blood and urine samples je juo prior 
blood, urine differential pulse techniques with 
acid digestion /aematiori of 
Pb, Cd, Zn, Natural water, MTFGC Gallium added to eliminate Eme 
TI blood and interfering Cu-Zn intermetallic 
biological tissue stili 
V ORAT EDEN c EE et E aste; 
| А -p =< ddrbon. P497 
киш = wax impregnated graphite; PG = pyrolytic graphite; CP = car electrodes: 
HMD 


hanging mercury drop electrodes; MTEF = mercury thin-film 


MTFGC = mercury thin film on glassy carbon. 
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Table 3.7 


© Comparison of analytical methods for pollutants [244] 
eprinted with permission from Anal. Chem., 1974, 46, 989A. 


Copyright by the American Chemical Society.) 


Technique 


Advantages 


Limitations 


Mic TOSCOpy 


Atomic absorption 


ànd fluorescence 


Atomi 
omic emission 


Ma 
SS Spectrometry 


Neu 
tron activation 
analysis 


X. 
Ray fluorescence 


Anoq; 
ae Stripping 
[9 tammetry 


Lc 


RUSSE не 


Excellent for particulate 
matter 

Identification of compound 
and crystalline form possible 

Very sensitive 

Rapid 

Applicable to more than 60 
elements 

Simple spectra and 
instrumentation 

Sensitive 

Rapid 

Multielement analysis feasible 

Sensitive 

Rapid 

Plasma source eliminates most 
chemical interferences 

Multielement technique 

Excellent sensitivity 


Plasma source promises rapid 
analysis 

Freedom from contamination 

Excellent sensitivity for some 
elements 

Applicable to wide variety of 
matrices 

Direct examination often 
feasible 

May be nondestructive 


Multielement technique 

Rapid 

Simple technique and 
equipment 

Excellent sensitivity for some 


elements 
€——À 


Not suitable for pollutants 
in solution 

Not readily quantified 

Requires specialized skills 
and training 


Simultaneous multi- 
element analysis difficult 


Flame sources have signi- 
ficant matrix effects 


Specialized sample prepara- 
tion techniques for spark 
source 

Plasma source still in 
development phase 

Limited availability for 
routine analysis 

Total time for multi- 


element analysis may be 


long 
Limited sensitivity 


ffects must 


Particle size € 
controlled 


be carefully 


Not suitable for wide 


range of elements 
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This table shows the advantages and limitations of many analytical methods. 
It can be seen that atomic-absorption and fluorescence spectroscopy as well as 
anodic stripping voltammetry play an important role in the analysis of inorganic 
pollutants. 

We conclude this section by mentioning more complex techniques such as 
combined electro-deposition and atomic-absorption spectroscopy. 

Electrochemical preconcentration techniques can be used in atomic-absorp- 
tion analysis for trace metals, to eliminate interferences from high concentra- 
tions of salts, which would otherwise give rise to non-specific absorption (see 
p. 121). 

Applications of this approach have been reported for a variety of metals 
[245]. In one version of the technique [246] the metal in question is deposited 
electrolytically on a thin metal wire and is then atomized by electrical heating of 
the wire. In another approach, the metals are preconcentrated on a graphite rod, 
which is dried and ground, and a portion of the graphite powder is finally heated 
in a graphite furnace [247]. 

These techniques utilize electrothermal atomization of the metals, after 
the electrochemical preconcentration step, but a flame method could equally 
well be used. Lund er al. [248] described the flame atomization of metals after 
electrochemical preconcentration on a platinum spiral. Table 3.8 shows that 
good detection limits are obtained for a series of elements added as spikes 
to sea-water samples, and compares them with those obtained for the Delves cup 
technique by Kerber and Fernandez [249]. 

This combined electrochemical /AAS technique is especially useful for 
samples having a high matrix salt concentration, such as sea-water, urine and 


Table 3.8 
Detection limits (in ug/l) of the ASV technique with a 2-min electrolysis, and 
of the Delves cup technique [248] (by permission of the copyright holders. 
Elsevier Publishing Co., Amsterdam). 


Element Wavelength (nm) 


ASV technique Delves cup 
Ag 328.1 1 1 
Bi 223.1 150 20 
Cd 228.8 0.1 0.05 
Hg 253.7 100 100 
Pb 283.3 5 1 
Se 196.0 5 1000 
Te 214.3 50 300 
TI 276.8 1 10 


Zn 213.9 0.1 0.05 
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biological fluids, as well as inorganic materials which have been decomposed 
by treatment with acids or by fusion. The method is limited to the more volatile 
elements, but it can be seen from Table 3.8 that these include many of the 
toxic metals which are of particular concern in the present day discussion of 
environmental pollution. 


3.2.1.3 X-Ray Fluorescence and Microprobes 
These techniques provide non-destructive methods of analysis, which have the 
advantages over destructive methods that the analytical information obtained 
from the sample is ‘permanent’, in the sense that the analysis can be repeated on 
the same sample, since none is consumed, and that the sample is not contaminated 
by impurities in reagents (since none are used). 

The discovery of X-rays by Róntgen (1895) was one of the crucial discoveries 
at the turn of the century, and within two decades the fundamentals of qualita- 
tive and quantitative X-ray analysis had been established by Moseley [250,251] 
(1913-1914). The first commercial equipment for X-ray spectrometry appeared 
in 1948 [252], and rapid development followed. Castaing and Guinier (1949) 
built the first electron- probe X-ray primary-emission spectrometer. 

The introduction of the electron probe initiated the non-destructive study 
of surfaces, which has developed extremely rapidly in the last three decades, 
because expanding industrial technology has required complete knowledge of 
the surfaces of the new materials being used. 

Development of these powerful techniques was further stimulated by the 
move to thin-film technology in the semiconductor industry and by the growing 
technological importance of such phenomena as corrosion and catalysis. In all 
these areas the composition and properties of surfaces determine many of the 
Properties of materials. 

Photons, electrons, atoms, molecules and ions are all used as sample probes 
in the instrumentation for surface analysis. The techniques are usually denoted 
by acronyms, and we have Auger Electron Spectroscopy (AES), Low Energy 
Electron Diffraction (LEED), X-Ray Photoemission Spectroscopy (XPS), Ultra- 
Violet Photoemission Spectroscopy (UPS), Energy Loss Spectroscopy (ELS), 
Field Emission Spectroscopy (FES), Appearance Potential Spectroscopy (APS), 
lon Neutralization Spectroscopy (INS), lon Scattering (IS), and Secondary Ion 


Mass Spectroscopy (SIMS). 

At the 27th Pittsburgh 
Spectroscopy (Cleveland, 1976), Rosasc 
on the Raman microprobe as a new ana 
Heidelberg have recently introduced a new 


applications, the proton microprobe [254]. f | 
We may now ask how far the sophistication of laboratory equipment will 


be continued, as а consequence of the development of new analytical techniques. 
i А А 
AS teachers and research workers we must know the new techniques in the field 


Conference on Analytical Chemistry and Applied 
o et al. presented a preliminary report 
lytical tool [253]. A research group at 
technique with promising potential 
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of analytical chemistry and select from them in order to give to the student the 
essence of the present ‘ocean’ of information. We agree with Laitinen’s opinion 
on the proton microprobe: “In summary, the proton microprobe serves as an 
excellent example of a new approach which offers advantages for specific 
applications at the expense of disadvantages that need to be considered by 
the analytical chemist in deciding whether it should be added to the existing 
capability of analytical facility” [255]. 

Before making a comparison between X-ray fluorescence and microprobes, 
we wish to recommend to those seeking acquaintance with this fascinating 
domain, the excellent book by Bertin [256], which in our opinion is an essential 
reference book in this important field of non-destructive analysis. 

It is not our purpose to advertise particular books, but our duty as teachers 
is to show students what and how to read, so here we pass on to teachers and 
beginners alike, information about books and articles we have found especially 
helpful. As we have emphasized, the teacher must filter the informational 
material, using it to induce in the student, especially the future research student, 
the spark of curiosity and interest in a particular field of science. Bertin’s book, 
in our opinion, does just that. 

X-Ray fluorescence (XRF) is the characteristic secondary X-radiation 
produced after inner-shell electrons have been removed by primary X-ray 
excitation [257]. 

Electron-probe microanalysis (EPMA), or electron microprobe analysis, is 
a qualitative and quantitative method based on measurement of the wavelengths 
and intensities of the characteristic X-ray spectra of chemical elements, excited 
by an electron beam about 1 ит in diameter. 

It is very difficult and almost impossible to discuss the sensitivity of all 
the different non-destructive methods of analysis, or even of the large variety 
of physical methods of surface analysis, since for a given technique it can Vary 
from element to element or for the same element in different matrices. 

Table 3.9 gives a series of sensitivities in terms of minimum detectable mass 
under the most favourable conditions. 

From this table, the sensitivity of XRF, although in general not as good as 
that of optical emission Spectrography, is seen to be still very high. Quite recently, 
however, Knoth and Schwenke [258] described an X-ray fluorescence spectro- 
meter with totally reflecting sample Support, which could provide trace analysis 
at the ng/g level. For a given analysis, instrument components, accessories. and 
conditions may be chosen to give optimal sensitivity. With a given X-ray tube 
target, crystal, collimator system, and detector, sensitivity for a pure analyte 1S 
a relatively simple function of atomic number. Elements having about the same 
atomic number are likely to have about the same sensitivity in a given system. 
No such simplicity exists in optical emission spectrography however, and things 


are even more complicated if we examine the sensitivity of the methods for 
surface analysis. 
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Table 3.9 
Ultimate sensitivities of microanalytical methods for the most sensitive elements 
under the most favourable conditions [256] (by permission of the copyright 
holders, Plenum Press, New York). 


Minimum detectable 
amount, g 


Method 
Microchemistry 107 
Polarography (voltammetry) 1075 
X-Ray fluorescence spectrometry (XRFS) 107? 
Optical absorption spectrometry 107^ 
Optical emission spectrography 107^ 
Auger-electron spectrometry (AES) 107 
Flame (atomic) absorption spectrometry (AA) 1077 
lon-scattering spectrometry (ISS) ae 
Flame emission spectrometry IR 
lon-induced X-ray spectrometry Nr 
107 


Mass spectrometry (MS) 
Neutron-activation analysis (NA) Len 


Optical fluorescence microscopy m 
Electron-probe microanalysis (EPMA) n 
107 


Radioactive tracer analysis 18 
Secondary-ion mass spectrometry (SIMS) 


The first question generally asked of a surface analysis technique is whether 


It can detect a certain element of interest at a particular concentration in the 
Présence of specified matrix elements. Several aspects of elemental analysis arise 


In this question [259]. 

(a) Coverage. What element 
detect, on the basis of the fundamental principles involved? 

(b) Specificity. How well do the fundamental processes and instrumentation 
employed permit the detection of one element in the presence of another? 
ш Other words, is there any spectral interference? 

(c) Variations in sensitivity. Are the excitation and detection of the 


analytical signal uniform from element to element? Changes in sensitivity from 
alysis and can make it difficult or 


element to element complicate quantitative an s 

Possible if they are not predictable or they vary with the matrix, excitation 

Conditions, etc. 

ies Detection limits. What is the | se 

башты. in the absence of spectral interference = 
altered by variations in sensitivity and by specific s 


s in the periodic table can each technique 


minimum concentration that can be 
Elemental detection limits can 
pectral interference. 
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Table 3.10 surveys these four aspects for five techniques used for surface 
and thin-film compositional analysis, and some interesting conclusions may be 
drawn from it. 


Table 3.10 
Elemental sensitivity [259] 
(Reprinted with permission from Anal. Chem., 1975, 47, 818A. Copyright by 
the American Chemical Society.) 


Detection , 
Sensitivity limits (atomic 
Technique Coverage Specificity variation fractio — 
Auger electron Li-U Good Less than a factor 107 
spectrometry of 10 
(AES) n 
MeV ion back- Li-U Low Z — good Sensitivity increases 1071-10 
scattering (w/2-MeV *He*) High Z — poor with Z — Bi/O = 100 
spectrometry 
(BS) -3 
Electron spectro- Li-U Good Less than a factor 107 -10 
metry for chemical of 10 
analysis (ESCA) M - 
Ion scattering Li-U Small good Sensitivity increases ~10 
spectrometry M with Z — Bi/O — 5 
(ISS) Large т Poor 
-8 
Secondary ion mass H-U Good (also Depends on 1074-10 
spectrometry provides ionization 
(SIMS) isotopic efficiency 10*-10* 
detection) 


All the techniques are suitable for elements 3-92, but SIMS can also be 
used for hydrogen. AES and ESCA are not highly subject to spectral inter- 
ference. SIMS gives excellent elemental specificity and isotopic resolution, but 
as with any technique, the lower the detection limits required, the greater dn 


problem of spectral interference. 


All these considerations regarding the sensitivity of XRF techniques OF а 
vel 


the methods of surface analysis, show that a series of techniques with © 
higher sensitivity and specificity than X-ray spectrochemical analysis has bee? 
developed. 

It should be mentioned, however, that on account of the cost of t 
equipment and the relative popularity of the techniques among chemists, more 
XRF equipment is sold than electron-probe analysers or other sophisticat® 
apparatus for surface analysis. Even when fully automated (as in the phillips 


s ac а r 
PW-1270 simultaneous automatic spectrometer), XRF equipment 15 simple 
than electron-probe microanalysers. 


he 


f 
Because of the small target-area of the electron beam, problems Р 


А : à e 
microhomogeneity and microtopography are severe. For X-ray fluorescent 
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spectrometry, polishing with 30-100 um grade abrasive is usually satisfactory 
whereas for electron-probe microanalysis, a 0.25 um grade abrasive or finer may 
be required, and there is little value in even semiquantitative comparison of 
intensities from specimens having substantially different degrees of polish. Also, 
the background is higher and much more difficult to measure accurately in 
electron-probe microanalysis. 

Chemical effects on wavelength of maximum emission are the exception in 
X-ray fluorescence spectrometry but the rule in electron-probe microanalysis 
when the chemical state of the analyte varies among the specimens or when pure 
analyte is used to set the peak wavelength on the spectrometer and the specimens 
are compounds. 

Suitable standards are much more difficult to obtain for electron- probe 
microanalysis because microhomogeneity is required and the standards and 
samples must have the same microtopography. 

A limiting factor in the use of non-destructive techniques of surface analysis 
is the equipment itself. All the surface and thin-film analysis techniques require 


a high or ultrahigh vacuum and an ion source, but each makes different demands 


Оп these two components, depending on the process involved and the sample 


under analysis [260]. 

To show the performance and u 
characteristics of some of the techniques, namely: Auger electron spectrometry, 
Raman microprobe, alpha-induced X-ray emission, synchrotron radiation and 
Proton microprobe. 

We consider that discussion of t 
Surface analysis is now of particular importance from the scientific and 
Points of view. 


se of surface analysers, we shall discuss the 


hese techniques will show convincingly that 
practical 


Auger-electron spectrometry (AES) 
Тһе radiationless reorganization of atomic el 
mentally established by Auger in 1923 [261]. 
Powerful tool for the analysis of surfaces began wit 
Peria [262] and Harris [267]. 
The energy and intensity of the Auger electrons can be used for qualitative 
and quantitative analysis of the outer atomic layers of the sample. The energy of 
the Auger electrons permits qualitative and quantitative analysis of the volume 
9f the material bounded by the cross-sectional area of the primary electron-beam 
(diameter 5-500 um) and the Auger-electron escape depth (3-20 A). If Auger- 
electron spectrometry is combined with ion-beam sputtering, depth profiling 
analysis may be performed. The lateral resolution is determined by the diameter 
of the electron-beam. Scanning techniques make it possible to produce a two- 
dimensional map or image of the surface distribution of a chosen element. The 
method can be used in conjunction with ‘physical’ imaging by scanning electron- 
Microscopy. Recently, it has been suggested that there is considerable analytical 


Potential for AES in the gas-phase [264]. 


ectronic shells was first experi- 
The development of AES as a 
h the work of Weber and 
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An electron-beam of 3-10keV in energy at a current of 501A is employed 
for producing Auger electrons from the sample surface to be characterized. 
The detection limits attainable by AES are related to the integration time 
and the excitation electron current; thus, the reduction in beam current which 
accompanies decrease in probe diameter will result in poorer detection limits, and 
increased analytical time will be needed to offset this. Because of the ultrahigh 
vacuum used, to obtain reasonable turn-round times a multisample carrousel or 
a vacuum-lock arrangement must be available. 

The cylindrical mirror analyser is the most commonly used dispersing 
element in AES, with an electron multiplier for electron detection. Pulse counting 
techniques (with no spectrometer voltage modulation) have been used for 
detecting the low Auger intensities produced by low-intensity excitation beams. 

A multiplexer or computerized data system for recording the intensities of 
several peaks as a function of time is essential if the instrument is to be used 
extensively for depth profiling. Auger microanalysis and imaging require a primary 
electron-beam raster and oscilloscopes for recording the read-out. 

The applications of AES are now numerous, especially in surface chemistry 
by means of the Auger chemical shift, the adsorption and reactions of gases ОП 
a clean metal surface being the main field of research. Experiments have not 
been confined to the metal-oxygen system, the surface interactions of other 
gases having been investigated, notably CO. For example Barrie and Brundle 
[265] compared ESCA and Auger spectrometry for examining CO absorbed on 
polycrystalline molybdenum, 

AES is also used for study of heterogeneous catalysis, especially correlation 
of the surface elemental composition of a catalyst (obtained by AES) with its 
performance in chemical processes. 

AES is used routinely to detect surface impurities before and after cleaning: 
The most important industrial application of AES is in the analysis of species 
segregated on a surface or at the grain boundaries of metals. 

The continuous removal of surface material by inert-gas ion-bombardment 
(ion-milling) with simultaneous AES monitoring of element concentrations 
on the ‘fresh’ surface is used to obtain a composition profile perpendicular to 
the solid- vacuum interface. This technique of depth-concentration profiling has 
been applied in several fields, notably to steels, alloys and electrical devices- 

Surface composition has an important influence on the nature of electro" 
deposited material. AES has also been used in this area. Several semiconducting 
materials have been examined by AES for surface contamination. Р 

In 1970 MacDonald and Waldrop [266,267] demonstrated that a scanning 
electron microscope (SEM) could be interfaced with an Auger spectrometer 
Elements in a particular area of a specimen were detected in point-by-point 
fashion by high spatial-resolution AES and presented as an Auger-electron image 
which could then be compared with a conventional micrograph. AES-SE 


instrumentation is used in metallurgy. study of semiconductors, forensic scient 
and other areas. 


Sec. 3.2] Black-box 133 


Some advantages and disadvantages of the Auger- SEM combination are 


given in Table 3.11. 
Table 3.11 


Aspects of AES-SEM [268] (by permission of the copyright holders, 
Maclean- Hunter Ltd., Toronto). 


Advantages Disadvantages 
High depth-resolution (5-10 À) Spatial resolution 2 um (?)* 
T detection-limit (10-800 ppm) High vacuum required 
cric Sh ct (ES a Semi-quantitative 
etects elements with Z > 3 Surface-condition dependent 


Difficult to interface AES with SEM 


Slow data acquisition 
Complex instrumentation 


Depth-profiling can be used 


* Queries added from Thompson [269]. 

5 Applications of Auger electron spectrometry have been reviewed by Thomson 

[269]. Table 3.12 gives a comparison of the advantages and disadvantages of AES 
and other techniques of surface analysis. 

Table 3.12 

Summary of relative advantages and disadvantage 

analytical techniques [259]. ( Reprinted with permission 

1975, 47, 818A. Copyright by the American Chemi 


s of five common surface 
from Anal. Chem., 
cal Society.) 


Advantages Disadvantages 
AES Sensitivity to low Z Difficult to quantitate 
Minimal matrix effects 0.146 detection limits 
Microanalysis 
Good all-around technique 


Low sensitivity, especially forlow 
vA 

Poor lateral resolution 

0.1% detection limits 


BS Fast 
Quantitative in concentration 
and depth 


ESCA Chemical information 
Poor lateral resolution 
1 Slow profiling 
58 Outer monolayer analysis Low sensitivity 
Poor lateral resolution 
Slow profiling 
SIMS ppm detection limits for many Quantitation and matrix effects 
elements 
Isotopic resolution 
Fast 


Microanalysis 
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Raman microprobe 


The Raman spectrum of a microscopic sample can be used to ascertain the 
chemical species present in inorganic and organic materials. In addition, the type 
of site (local or molecular environment), structural co-ordination, or phase 
(crystalline or glassy) in which the species is present can often be inferred. The 
Raman spectrum of a microparticle can be observed because to a first approxima- 
tion the power of the Raman-scattered light is proportional to the total power 
incident on the sample, and a laser source should generate sufficient power 1n 
the Raman-scattered light to make it possible to measure the spectrum from a 
micrometre-size particle (laser sources can be focused so that the total power 
is contained in a diffraction-limited spot of the order of 1 um in diameter). 

It is very important to optimize the optical system of the microprobe 50 
that collection of the light scattered by the particle is maximized and collection 
of any radiation emitted from the substrate is minimized. To extend measurement 
times and obtain analytically useful data, the particle, the focused excitation 
beam and the collection optics must be kept very precisely aligned. 

Figure 3.9 gives a schematic diagram of a Raman microprobe spectrometer. 

In the microprobe, the scattered light is collected by an ellipsoidal mirror in 
a 180° back-scattering geometry and then passed into a double monochromator 
equipped with concave holographic gratings. The sample particles, supported by 
a substrate, are positioned in the laser beam on a stage driven by remote control. 


deviation — 
prism 


microscope beam splitter 


ocular 


microscope objective for 

m focusing and sample viewing 
ellipsoidal collection mirror 
Sample substrate 


detector 


recorder 
electronics 


mono- 
chromator| 


Fig.3.9 Schematic diagram of Raman microprobe spectrometer [270]. ( Reprinted 
with permission from Anal. Chem., 1978, 50, 892. Copyright by the American 
Chemical Society.) 
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: The signal obtained from the scattered light can then be maximized by minor 
adjustment of the position of the particle and the excitation beam. Spectra are 
recorded by scanning with the monochromator and plotting on a strip-chart an 
analogue signal proportional to the number of photons counted in a selected 
measurement time at each spectral interval. Recently developments include 
complete computer control of positioning of the sample substrate and optimiza- 
tion of the alignment and measurement parameters. Various substrates have been 
used for fixing the particles. High-purity sapphire (a-A1503) and lithium fluoride 
appear to be especially good. Before sample deposition the substrate surface can 
be coated to form a finder grid or to change the physical or chemical behaviour 
of the surface. 

The Raman microprobe is a valuable complement to other microprobe 
techniques, although there is the question of its suitability for analysis of samples 
Previously prepared for other microprobe methods (e.g. electron-probe or 
ion-probe). On the other hand, because the technique is non-destructive, samples 
can be subsequently measured with other probes. 

An interesting application of the Raman microprobe is the s 
mental airborne particulates and characterization of the secondary particulates 
in the size range below 2 ит. Another important use is for characterization of 
Species absorbed in the surface of microparticulates. The ability to detect spectral 
features associated with a contaminant on а single particle is a very distinct 


advantage of this new microprobe technique. 
The Raman microprobe is extremely use 
Particles with sizes below 10 um. Micro Raman spectra have 
Polymers, salts of organic acids and biologically significant comp 
Urea and cholesterol. 
aei there are some unresolv t 
iis ime орн especially the effect of partic 
nie of detection. There are also q ; 
ity of this probe for surface-adsorbed species, 
“apabilities of the technique. 
X-Ray emission induced by a-particles 
The recent development of a totally new a-particle induced X-ray emission 
technique called Alpha-X (a trademark of the Kevex Corp.) has provided a 
non-destructive, quantitative tool in a compact unit suitable for attachment to 
existing surface and thin-film analysis systems or to any ultrahigh vacuum system. 
7 The Alpha-X technique consists of detection and analysis of the A: ays from 
Pecimen irradiated with ~ 5-MeV alpha- particles from a radioactive source. 
" The subsequent simultaneous, multielement X-ray energy dispersie кыз 
etry for elements with atomic number 26 is best accomplished by using à 
high-resolution lithium-drifted silicon Si(Li) detector in the windowless mode 
1e. no barrier between the specimen and the detector) and appropriate 


electron; 
Tonics for data-processing. 


tudy of environ- 


ful for characterizing organic 
been obtained from 
ounds such as 


ed fundamental questions about scattering 
le size or sample heating on 
uestions about the relative 
and the quantitative 
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A scheme of the components necessary for the Alpha-X technique is given 
in Fig. 3.10. 
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[271] (by permission of the copyright 
Co., Barrington, U.S.A.). 
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The main advantages of Alpha-X over electron-excited X-ray techniques 

fs (a) much better limits of detectability, because of the greatly reduced 
Temsstrahlung background radiation, and (b) direct correlation of X-ray data 
a elemental surface densities, e.g. film thicknesses. Layers between about 
2nm and several um thick can be analysed quantitatively. 

Expected areas of application include metallurgical processes (e.g. oxidation, 
corrosion, metal finishing, and friction and wear studies), thin-film processes 
(e.g. Vapour-, sputter- and electro-deposition), fundamental and practical surface 
Studies (e.g. catalysis), semiconductors (e.g. production control and failure 
analysis), and laser windows (e.g. coatings). 

- Although the Alpha-X technique does not have the very high surface sensi- 
tivity and micro-imaging capabilities of many of the other surface analysis 
шш; e.g., Auger-electron spectroscopy, it provides anew and useful means 
or quantitative, non-destructive analysis of surface layers and thin films. 
М. RC ip is suitable for complementary attachment to existing surface 
sena M such as AES or ESCA, providing very precise, non-destructive 
1 of layers with thicknesses up to 10^ monolayers. 


Synchrotron radiation 
күч Ballon is the electromagnetic radiati 
very i a curved trajectory. Because of its unusua i 
ractive for use in many exciting new experiments in W. 
used to probe the structure of matter, especially in the vacuum ultraviolet and 
X-ray regions of the spectrum. These are the spectral regions in which the photon 
Wavelengths from a continuous source can be adjusted to match the characteristic 
Wavelengths of atoms, molecules and solids. 
{бї Sever properties of synchrotron radiation make it extremely useful 
ariety of investigations. Among these is the continuous spectrum, with 
Wavelengths ranging down to less than 1 Aina 2.5-GeV electron storage ring. 
The intensity of synchrotron radiation is far greater than that from the 
Conventional vacuum ultraviolet and X-ray sources. Another very important 
юре of synchrotron radiation is the virtually complete plane polarization of 
m i in the plane of the electron orbit. Another property ar synchrotron 
int 100 is the pulsed time-structure of the radiation. which makes many very 
eresting experiments possible. 
Moreover, synchrotron radiatior 
itis generated, so most of it can 


on from relativistic electrons 
1 properties, this radiation is 
hich photons are 


1 collimated because of the 
be collected and focused on the sample. 
Mei intense continuous spectrum from a synchroBon е үн 
белуе from its high-energy limit (determined by the electron energy гапа 
Clic field B) through the visible and the infrared to the long-wave region. 
tunable laser could also have all these properties. but tunable lasers will not 


Bive A ч 
Wavelengths much outside the visible region. | a : 
Recently, there have been a number of developments in the application O 


a is extremely wel 
way 


138 Education in Analytical Chemistry [Ch. 3 


synchrotron radiation, such as X-ray absorption experiments and angle- resolved 
electron photoemission [272]. 

Several investigations have now become possible because of the unusual 
properties of synchrotron radiation, although they have not yet been fully 
developed. For example, owing to the high collimation of the radiation, extremely 
small samples can be used, such as Protein crystals. The pulsed nature of the 
radiation makes it possible to study time-dependent effects. Another promising 
area of research involves X-ray topography, an imaging technique based on 
the fact that strained and imperfect crystal tegions diffract more strongly than 
perfect crystals. This makes it possible to study a wide range of defects in 
materials, including dislocations, voids, and grain structure in metals. Topographic 
techniques make it Possible to observe magnetic domains through the distortion 
of the crystal lattice at domain boundaries, caused by magnetostriction. 


Oscopy. 
Synchrotron radia tion 


has advantageous Properties for photoemission 
Studies in general, and its a 


tray of available energj 


Proton microprobe 


The proton micropro 


be is the most г 
destructive methods, 


It has been esta 


-70 um) for protons with energies of 
quences. 
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d The X-ray yield changes with depth as the protons lose energy in the 
ир tia targets there is also excitation of the 
quantitative ve de x interest, and this obscures the results. In addition, 
absorption in the a T x зу spectra is difficult because of X-ray self- 
nuclear reactions miel ple. / pi additional background y-rays produced by 
funesta 8 Ae with the characteristic X-rays. 
determine Ше ies ^ Ph performance of the proton microprobe, it was used to 
17 sample 75015) | Sm in some mineral grains in the lunar basalt (Apollo 
with the electron Г e composition of which had previously been determined 
Probe: several oe Because of the sensitivity of the proton micro- 
Weekes E were found in the sample that had been undetectable by 
presece af the om For example, the spectrum of baddeleyite showed the 
and Nd, not det -lines of trace elements such as Ta, Pb, Th, W, Y, Nb, Ce, Pr 
intimate inter fie with the electron microprobe. However, because of the 
quantitatively. 1 with zirconolite grains, the spectrum could not be evaluated 
AL 6 geological sciences, especia 
between а allow determination о 
Synthetic ee minerals or phases in natural roi 
W erials. 
a conclusion that the exp 
elements in s iv eid of the proton microprobe to 5 
electron ыг s at levels than cannot be detected, even q 
Ti oprobe. 
йге с microprobe can also be us 
H S biological samples. 
Ke ut ma has discussed the present state О 
82.4 у š of the new frontiers in analytical chemistry. 
teredas Spes and Enzymatic Methods of Analysis | 
above), there зоте analytical techniques (such as AAS and ASV, discussed 
niques whic| is the problem of finding adequate criteria for comparison of tech- 
Methods of : differ radically in principle, in the case of enzymatic and kinetic 
asically si SAL the problem does not arise, because the two techniques are 
as а ШОЛ ar Indeed, many research workers regard the enzymatic methods 
Points of co of kinetic method, though this can be questioned from many 
Say s that recent developments in the study of pi pua 
©main of an | the application of enzymatic methods a modern and indep 
Aste а chemistry. ] 
enzymatic m 1 see, according to their sensitiv! 
radiochemical 1908 are methods of trace analysis, so 
and radiometric methods of analysis. 


ly petrology and geochemistry, the 


f the partitioning of trace elements 
cks and multicomponent 


erimental results obtained so far amply 
how the presence of trace 
ualitatively, with the 


ed with good results in the analysis of 


f the chemical analysis of 


talysed 
endent 


ectivity. kinetic and 


tivity and sel | 
mpetitive with 


metimes СОГ 
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As Guilbault remarked in the introduction of his book on eee 
methods [274]: “Тһе specificity of enzymes can solve the primary problem o 
most analytical chemists, the analysis of one substance in the presence of many 


similar compounds that interfere in the analysis. The sensitivity of enzyme 


allows the determination of as little as 107! р of material”. 


Unfortunately, many analysts are unfamiliar with (or even ignorant of) 
these methods, which are less popular in industrial analytical control laboratories. 
A reason for this might be the high-school educational system, which pays little 
or no attention to modern analytical methods. 

It was in the mid-1970s that reaction-rate methods became generally 
accepted and widely used on a routine basis. Two reference books were published 
in that period (by Yatsimirskii [275] and by Mark and Rechnitz [276]) which 
contributed to the introduction of this method into a 
books, besides the theoretical principles of the kir 
Selection of reactions used for the determination of 

Interest in these methods grew substantially af 
books, a series of new methods being reported. 

Of the reviews on kinetic 
[277] and by Weisz [278], which give ар 
methods of analysis. Mark [279] has also 
of research on these methods. 


nalytical laboratories. These 
netic methods, gave a wide 
a large number of elements. 
ter the appearance of these 


written a useful article on the essentials 


“It is certainly not coincidence that the 
general routine use of reaction-rate methods 
new generation of elegant, completely 
nical instrumentation”, 


review articles 
availability of enzymes and th 
enzymatic analysis has bec 
number of enzymes known 
to about 2000 today [281]. 

Another reason for the 


try. This may be due to the increased 
eir stabilization by different techniques, so that 
ome cheaper. [t is Sufficient to mention that the 
by man has increased from fewer than 100 in 1930 
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need reage ; 
M dg end ыа and appropriate laboratory equipment. They are 
nn tes eee x control analysis of high-purity materials, biological and 
sens 2 | ironmental control, etc. 
ШЕЙШЕ, we EN the publications on kinetic and enzymatic 
уна E iscuss here only a few aspects important for the future 
of research in this field: (a) use of redox reactions as indicator 


reactions i i i 
in k : A. К de 
kinetic methods; (b) immobilized enzymes; (c) enzyme electrodes. 


à cid 
ү Redox indicator reactions 
n indicator reaction in kineti is i 
tor reaction in kinetic analysis is the reaction catalysed by the substance 


to be d А 
et N 
ermined. The most frequently used are redox reactions. The oxidation 


Teagents а 
u c ; 
sed include HO», peroxoborate, oxygen, oxo-anions such as bromate, 
d cations such as Ce**, Fe?*, Ag’. 


lod: ; 
т MU DAMM tere periodate, an Ce e 
dyestuffs such preci include iodide, thiosulphate, arsenite, Sn?*, Fe? , organic 
Commons ae a saat Malachite Green, Methyl Orange, and other organic 
Tietaa as root, a-naphthylamine, p-phenetidine, o-tolidine. 
molybdenum jo s include copper, iron, manganese; titanium, zirconium, thorium, 
A duret Mi a osmium and ruthenium. 
Sandell and e бзге used for kinetic determi 
by iodide or olthoff [282] - the cerium(IV)-arse 
osmium(VIII). 


nations is that proposed by 
піс(Ш) reaction catalysed 


2Ce(IV) + As(III) 1 себш) + As(V) 


yellow Os( VID colourless 


Thi SKR Р 
Коа reaction has found many applications, and can be monitored 
etrically, potentiometrically [change of the ratio Ce (IV) : Се(Ш)], 


Dar 
"ie Re and thermometrically. К | 
Comparison icator reaction in the absence of dis catilyst must be slow in 
Mechanisms йн the catalysed reaction. Yatsimirskii [283]. by examining the 
Us to predio of redox reactions, has established some regularities which allow 
the absen ш to a certain extent whether a redox reaction will be rapid or slow in 
T ce of catalyst. 
place i electron transfer between oxidant and reducing reagent generally takes 
hrough an intermediate complex [Oxi--- Reda] followed bY another 


comp] 
ex м ees $ 
[Red, ... Ox;] which decomposes, the sequence being as follows: 


Ox, + Red, > [Oxi ... Reda], (3.12) 
[Ox, ... Reda] > [Reds ... Оха] (3.13) 
(3.14) 


[Red;...Ox;] > Red, + Ox, 
st intermediate 


constant of the fir i 
for the reaction 


The exi 
existence, nature and formation 
[283]; for example, 


com 
plex ha 
ave been established in some cases 


i :8 
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of Fe?* with S,03- the complex formed is [Fe?*...5,037] (pK = 2.1). ie 
first intermediate complex may be a co-ordination or charge-transfer compo; 
or an unstable ion-association species having a very short life. ; = 
According to Yatsimirskii [283], the speed of the reactions will ари 
the types of orbitals involved in formation of the intermediate complex. wá 
oxidants and reductants forming the complex by m-bonding between d ze 
will react rapidly, whereas o-bonding involving s and p orbitals will general y 
result in slow reaction. It is difficult to Say whether the rate of a reaction 
involving d together with s and/or p orbitals will be rapid, ROGER slows 
slow, or very slow. To give some examples, the oxidation of Cr?*, Fe?*, Ti?* by 
Mr?* is rapid, the oxidation of Sn?*, 17, HAsO; by C103 is slow, but the d-type 


oxidant MnO; oxidises S,02- rapidly but SO$^ moderately fast and H, AsO3 
slowly (polyatomic s, p-type reductants). 


It is particularly im 
should be of first order 


. processing of the results 
is thereby considerably facilitated. 


Table 3.13 gives some examples of elements determined catalytically 
by using redox reactions a: 


"i : ; к f 
5 indicator reactions, and shows the wide range О 
application. 


Bontchev [284] has given a particularly useful exposition of the mechanism 
of catalytic reactions, and a discussion of the use of activators, which can increase 
the Sensitivity by a factor of up to 10*, and also improve the selectivity. 


Table 3.13 


catalytic redox reactions [278] 
right holders, Verlag Chemie, Weinheim). 


Some examples of 
(by permission of the copy 


Substance Reaction 
Vanadium in blood P - Hydrazinobenzene sulphonic acid * C103 
Chromium | о -Dianisidine + H,0, 
Molybdenum in plants I + HO 

20 

pm. im Alizarin S + H,0, 
ron in p ants P -Phenetidine 4- H,0, 
Ruthenium in ores 9 -Dianisidine + 103 
Osmium 3 

a-N, i 3 
o aphthylamine + NO; 
Osmium Bu 

; As?! + Broz 
Cobalt in reactor Cooling water Alizarin e 
Copper p- "e 

S2037 + Без+ 
а. 3 
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(b) Immobilized enzymes 
e immobilization goes back at least 60 years to th 
Ml who adsorbed invertase on animal charcoal and observed that the 
‹ enzyme retained its biological activity and could be reused over a long 
pud of time. However, these studies went largely unnoticed until Grubhofer 
dis Red pei nd immobilized several enzymes on polyaminopolystyrene 
ims m erlite XE-64 resin by covalent attachment. At about this time 
er methods of enzyme immobilization also came into prominence. 
еа Бэна to an inert support material can render enzymes insoluble, and 
iiis hee sañ retain its catalytic activity. Once immobilized, an enzyme is often 
трай | oreven months. An obvious advantage of the immobilization is 
ies with which the material can be separated for reuse. The support with its 
am ee ized enzyme can simply be used in a batch-type process, with the analyte 
les off after the determination, or it can be packed in a column similar to 
used in liquid chromatography and the sample solution passed through it. 
vis an very interesting advantage of immobilized enzymes is the possibility 
"i ging the chemical properties of the enzyme catalyst. | 
те. ae are several methods of immobilizing enzymes such as absorption, 
dide adsorption and cross-linking, ion-exchange, entrapment, copoly- 
zation, covalent attachment. Of these, chemical attachment of enzymes to 
e MEE carriers is the most commonly used. Theoretically, covalent 
pling offers the most stable and versatile method of immobilizing enzymes. 


Figure 3.11 shows schematically the immobilization methods. 


e work of Nelson and 


Covalent 
Attachment 
Adsorption & 
Adsorption Carrier Crosslinking 
e 
[4 
Entrapment Copolymerization 


th permission from 


Reprinted wi і 
ey Chemical Society.) 


Fig. 3 
-11 — Methods of immobilization [281]. < 
the American 


Anal, 
Chem., 1977, 49, 1067A. Copyright by 
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Immobilization may cause several changes to occur in the s d egeo 
of the enzyme. It is well known that for each enzyme there is an е ser A 
which it shows a maximum reaction rate. When the enzyme is diis iz = 
the optimal pH may shift, depending on the nature of the carrier. Also wi rs 
enzyme is immobilized, an increase in Km (the Michaelis constant) is cine : 
observed. This increase is usually related to the charge on the substrate and/oi 
carrier, diffusion effects, and in Some cases, tertiary changes in the enzyme 
configuration. However, in some cases no change in K m is observed. 

Table 3.14 gives the Km values for some soluble and immobilized enzymes. 


Table 3.14 


e soluble and immobilized enzymes* [288] 
n from Anal. Chem.,1974, 46, 602A. 
Copyright by the American Chemical Society.) 


Comparison of K m values of som 
р (Reprinted with permissio; 


Km, mM 
Enzyme Substrate Soluble Immobilized 
Invertase Sucrose 0.448 0.448 
Arylsulphatase P -Nitrophenyl 1.85 1.57 
sulphate 
Glucoamylase Starch 1.22 0.30 
Alkaline P -Nitrophenyl 0.10 2.90 
phosphatase phosphate 
Urease Urea 10.0 7.60 
Glucose oxidase Glucose 7.70 6.80 
L-Amino-acid L-Leucine 1.00 4.00 
oxidase 


* All enzymes wer 
Km Values were 
derivatives for co 


e immobilized оп ZrO,-coated controlled porous 96% silica glass ШЕ, 
determined under identical Conditions for both soluble and immobilize 
Mparison, 


Like all proteins, 
they are immobilized 
and denaturation of 
enzyme. However, 
necessarily show e 
function not only of thermal Stability 
organic inhibitors, and concentration 

Enzyme half-lives u 
ture-dependent, but 
denaturation. 


enzymes are suse 
Or in the ‘free? Sta 
an immobilized 
enzymes which 
qually good ope 


€ptible to thermal denaturation, whether 
te. In some cases the rate of inactivation 
enzyme is lower than that of the free 
show excellent thermal stability do not 
rational Stability, because the latter is а 
but also Of such factors as carrier durability: 
of inhibitors (including heavy metals). 

ed Operating Conditions should be tempera- 
Yan that decrease in activity is a result of 


nder control] 
this does not m 
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ыы 1 гаш а series of applications in analytical 
A very tu de "e ad ib tan ате іп biomedical applications. 
ELISA: (enzyme-linked i ich discusses the biomedical applications, including 
immundassa І : immunosorbent assay) and EMIT (enzyme-multiplied 
1 y), has been published [289]. 
ibl ieri m enzymes covalently linked to an antigen or anti- 
and assayed for enz poun 1 to a matrix-bound antibody or antigen is separated 
yme activity. 
ss А applications of йиш ERU. have been 
enzymatic electrod Ta vt ook by Carr and Bowers [290], including the use of 
fuii. hese es, which will be discussed below. "Mn | и 
enzyme osha а we shall discuss the analytical application of immobilized 
in a small (l ME E. easy to immobilize several hundred units of active enzyme 
Many of the uu om. (еру депи equilibrium assays and eliminating 
immobilized елу ations of kinetic assay with soluble enzymes. For example, 
Configurations eris have been used in flow-through reactors of various 
and reap ч cluding fixed-bed and open-tubular, as well as on electrodes 
Bent pads. 
tipi ee enzyme reactors have been used in clinical and environ- 
etector is ob, The combination of an enzymatic reaction and a non-selective 
integro de nir attractive. We mention in this connection thermochemical 
Applied to eed ae analysers. For example, the “enzyme thermistor has been 
Penicillin G Ж determination of trypsin, glucose, lactose, uric acid, cholesterol, 
has been ilis po etc., but a major drawback of many of these determinations 
Schifree iii sample throughput and large volume of sample required. 
glass bins xd al. eliminate these problems by using non-compressible QW 
authors Lan and small, fast response thermistors as heat sensors te hese 
involved in € an investigation of the various mass- and heat-transfer oS 
Can be adj an immobilized enzyme enthalpimeter. to find how these mim 
m VE ae vant to optimize system sensitivity, throughput and sample vo ie 
types of d Principles reported by them [291] are applicable to other enzymes an 
, etector such as colorimeters and electrochemical transducers. | 
iae е to the numerous applications of immobilized enzymes EM 
Specific | been used in conjunction with enzyme reactors as the sel 
enzyme ا‎ For example, photometric flow systems using immobil 7 
acid, р, actors have been developed for the determination of glucose, pyru ie 
aciq, “aspartic acid, penicillin G, urea, nitrate. phosphate, sulphate and uric 
us-flow analysers in which glucose, 
d by the use of multiple 
described a stopped flow 
ms and Carr [294] have 
bilized enzyme reactors. 


8 rud a al. [292] have described continuo 
Nzyme es adenosine triphosphate were measure! 
Colorimetric 8 reactors. Martin er al. [293] have 
"porte re analyser for glucose. and recently. Adar 

Coulometric flow-analyser for use with immo 
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The enzyme-substrate system chosen for this study was the urease-catalysed 
conversion of urea into ammonia and carbon dioxide. 


(c) Enzyme electrodes 


lon-selective electrodes are the current fashion, largely because they can be 
successfully used for determination of organic, biological and biomedical 
compounds as well as inorganic ions. 


The various types of ion-selective electrodes used in enzymology include 
conventional glass, homogeneous solid-state, liquid ion-exchanger, natural 
carrier-complex and gas-sensing electrodes. 

The basic functional concept of the ‘enzyme electrode’ is the continuous 
instantaneous, electrochemical monitoring of enzyme-catalysed reactions, in 
which a substrate, coenzyme or inhibitor is converted by means of an enzyme 
into a product which may be measured by a conventional ion-selective electrode. 

The first account of an enzyme electrode is probably that given by Clark 


and Lyons [295]. They determined glucose potentiometrically (and proposed 
that it could also 


be determined amperometrically) by means of immobilized 
glucose oxidase, according to the equation: 


glucose oxidase 
glucose + О, + H,0 > gluconic acid + H,O, (3.13) 


Updike and Hicks [296] introduced the term ‘enzyme electrode’ and made 
a dual cathode Consisting of a Clark-type oxygen electrode with glucose oxidase 
immobilized in pol 


oe yacrylamide gel. The electrode was used to determine glucose 
in whole blood and plasma, and thus demonstrated the feasibility of direct 
measurement on complex solutions. 


The trapping of enzymes in 
applied by several authors to the assa 
1 


D-valine, D-methionine, р. 


Y of D-phenylalanine, D-alanine; 
based on the Beckman 3 


^ 


norleucine and asparagine: 
lectrode coated with the 


urea. [ sed for the measurement of the physiologically 
[301] determined urea aa 1S worth mention that in 1963 Katz and cut] 

ure ichi i inati 
Steady potential recorded with ase after Stoichiometric deamination, the fina 
being Proportional to the © 


onci 
the urea concentration or ur 
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len Selective Gas Electrod 
E SEES 


Ammonium 
lon Electrode 


Ammonia 
Permeable 
Membrane 
B 
«Эсик? 


Insolubilized Urease 


pH Electrode 


Protective Membrane 


Vig. 3.12 
pee Enzy elec f 
from " zyme electrodes for measuring urea 28 i vi 
A a a g urea [281]. (Reprinted with p: 
Chem., 1977,49,1067A. C opyright by the American Chemical 


ermission 
Society.) 


Both n 
nethods shown in Fig. 3.12 rely upon the enzyme-catalysed hydrolysis 


9f urea: 
(NH,CO + 2H,0 + Ht > HCO; + NH + NHs (3.14) 


In 
| Bas سو‎ Un urease is trapped in a gel matrix in direct contact with 
™Mobilizeg B of an ammonium ion-sensitive electrode. In the other, the 
ammonia. se Irease contacts the hydrophobic gas-permea 
Substrate MET electrode. Both electrodes function by 
е er NH the matrix of the immobilized urease, the products of the reaction 
3) affecting the sensor response in relation to their concentration. 


Nfort 
i unate 3 3 
ly, because the ammonium-sensor responds to all univalent cations, 
NH; relative to Na* and 


including H+ 

?), he ارا‎ there is some selectivity for 

Specificity f specificity offered by the enzyme is offset by the lack of 

electrode р" the sensor. Even though the use of gas-sensitive 

because rie i this effect of interfering ions, 

he highest optimum pH for the ammonia gas-electro 

Manufacturers hac of immobilized urease. For these reasons several 

More tea. have chosen to separate the enzyme and sensor functions to allow 

able á É the choice of conditions for both. 

le syste; lists the current commercial instrumen 

f the a 

bi Andrade [307 articles on enzyme electrodes, We recommend those by = 

me арча а MONE [303] and Guilbault [304], аз well as the 
€ys in Analytical Chemistry (even-numbered years). 


the 
ble membrane of an 


diffusion of the urea 


the ammonia 
there is still a limitation 
de is not the pH giving 
instrument 


ts using immobilized 


e 
yn 


148 Education in Analytical Chemistry [Ch. 3 


Table 3.15 
Commercial instruments using immobilized enzymes [281]. 
(Reprinted with permission from Anal. Chem., 1977, 49, 1067А. 
Copyright by the American Chemical Society.) 


Manufacturer Analyte Enzyme system 


Leeds & Northrup Glucose Glucose oxidase 


Lactose B-Galactosidase + glucose oxidase 
Sucrose Invertase + mutarotase + glucose 
oxidase 
Yellow Springs Glucose Glucose oxidase 
Instrument Co. Galactose Galactose oxidase 
Cholesterol Cholesterol oxidase + cholesterol 
(announced) esterase 
Technicon Corp. Glucose Hexokinase + glucose-6- phosphate 
dehydrogenase 
Midwest Research Insecticides Cholinesterase 
Institute 
Owens-Illinois BUN Urease 
(Kimble Division) ^ Glucose Glucose oxidase 
(announced) 


The combination of an enz 
sensitive and selective techni 
The selectivity can be greatl 
the electrode [305,306]: th 
substrate for the second en 
electrode responds. Such e 
or wherever carbohydrate 
carbohydrates, and at le 


consumption of oxygen, providing numerous Possibilities for exploitation of 
oxygen-sensitive electrodes 


3.2.2 Structural Analysis 


There is no doubt that the most s 


pectacular and difficult domain of analytical 
chemistry is that of structural anal 


ysis. With a few exceptions, analytical teaching 
rtuna analytical courses usually giving less 
theoretical and practical instruction than 


grad their inorganic, physical and organic 
counterparts. This is probably because analytical chemists have hitherto been 
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being pr ^ 
rop M C 
i p posed for complex compounds on the basis of only the analytically 
rmined stoichiometric ratio 
There ar ; hni 
ubi v are now many techniques which can be used in conjunction to 
nt int he structure of inorganic, organic or organo-metallic compounds. We 
ss some of them (and their performances) here, dividing them into three 


main groups: infrare 
groups: infrared spectrometry-Raman spectrometry, mass spectrometry- 


nuclear magnetic 
magnetic resonance spectrometry, and X-ray diffraction-neutron 


diffraction, 


222 y 
x .1 Infrared (IR) Spectrometry- Raman Spectrometry (RS) 
lese tv SE 3 < x 
niet is techniques are complementary, since Raman observations are possible 
нан vibrations and vice versa. 
n ` A 
eii үне. Raman spectroscopy was considered to be limited by the 
es available. Even wi igh-i i C ischz 
it spain a \ vith high-intensity mercury discharge lamps, measure- 
a aes made with difficulty. The advent of lasers has dramatically altered 
[307] lation and significantly improved the growth potential of the technique 
that The number of publications on IR spe 
Cta Raman spectrometry. As an examp! 
анши data-base for 1976-77 contains a 
er of citati : 
tuoi 5 3! citations pertinent to IR spectrometry be 
: y 1% of the whole [308], but of these only a 
Pectrometry. 
The intr 2 aE 
Re he introduction of Fourier transform 
spec н : i 
in НА ctroscopy comparable to the renaissance, mentioned above, that occurred 
SM spectroscopy with the development of continuous-wave gas lasers. 
е shall therefore discuss in the following only these modern aspects of the 


IR а 
nd Rama à ; : 
meth d Raman techniques in order to show that apparently obsolescent analytical 
heir operational parameters are improved. 


ctrometry is considerably greater than 
le. the full CAC (Chemical Abstracts 
bout 8 X 105 citations, the total 
ing about 8200, approxi- 
fraction refer to Raman 


(FT) methods has had an effect on 


1 T H à 
ods can enjoy a second youth if t 


Fouri 

end transform infrared spectroscopy (FTIR) 
le Fourier transform is basic to the very nature of a spectroscopic measurement 

in effect, a Fourier transformation of the electro- 

mately related to instrumental 


l. and the important topic of 


Sinc 
А dispersion step is, | 
measuren signal. The Fourier transform 15 inti 
Spectral ete through the convolution integra 
Bois esolution falls in this area [309]. 
of aos h for FTIR and FTNMR the measurement step results in the recording 
Shiver that is the Fourier transform: of the conventional spectrum. It is 
transfor mai analytical chemists need a basic understanding of the ews 
based P We shall discuss in the following some aspects of this tec hnique, 
n review articles [309,310]. 


In bri 
inter brief, to measure a spectrun 
е - N 5 
rometer is illuminated with a source o 


a with an FT spectrometer, à Michelson 
f ‘white’ or polychromatic radiation 
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and the movable mirror is translated over a distance (from —L to L) which 


depends on the desired resolution. The output signal is passed through a sample 
(or the sample itself serves as the Source), 


and the resulting interferogram signal 
is received by an IR detector. 


The difference in principle of operation between an FT spectrometer 
and a conventional grating instrument results in two 
Spectroscopy. These are Fell 
(or throughput) advantage. 

Suppose that the Spectrum of interest lies between уз and v,. Then the 
number of spectral elements, п, is defined by n = (v5 — vi)/Av where Av is the 
band-width accepted by the detector. Thus, a spectral element is that part of 
the signal S(v) between v2 and v, which is seen by the detector at any given 
time. If tg is the time required to measure a single spectral element, then лї; is 
the total time required to scan between v2 and рү. 

An FT spectrometer contains no dispersing element or slit, and therefore 
all of the spectral information contained in the interval (05-1) is received by 
the detector in the time Тет required to record the interferogram. 

If it is assumed that the response times of grating and FT spectrometers are 
the same, tG = tpr, then the Spectrum can be recorded n times faster with the 
FT spectrometer than with the grating instrument, with the same signal-to-noise 
ratio (S/N). 


If the same total time, ntg, is taken by the FT spectrometer to record the 
Spectrum, then the gain in S/N is given by: 


major advantages of FT 
gets (or multiplex) advantage and Jacquinot’s 


^ 


тн „(мер ., л) 


(SING Mr 


as Fellgett’s advantage or, more descriptively, 
3 = tpr the FT spectrometer examines the entire 
г | time that the grating instrument requires to 
examine a single spectral element. 
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are of most interest. Such systems may be used to study the spectra of transient 
chemical-reaction species with half-lives of the order of seconds. 

Other interesting applications of rapid-scan FTIR systems, thanks to the 
good S/N ratio and small energy losses, are to obtain spectra of short-lived 
species and to make determinations in the presence of a strongly absorbing 
Solvent (aqueous solution). 

A new technique, with good performance, is the application of rapid-scan 
FTIR systems in combination with gas chromatography, for the study of complex 
mixtures. FTIR spectra also have great potential in surface studies [311]. The 
high signal-to-noise ratio of the spectrum, combined with digital processing of 
the spectrum by computer, makes FTIR very attractive for surface studies. 

IR spectra of good quality can be obtained from 0.5-ug quantities of 
transient species in the gas phase by means of rapid-scan FT spectroscopy [310]. 

We have described above, very briefly, the principles and some applications 
of a technique of the future. This technique is at present expensive, but we 
hope that its performance will lead to its being fully exploited in the structural 
Study of chemical compounds. A good description of this technique may be 
found in Griffiths’ book [312]. 


Laser Raman spectroscopy 
AS we have mentioned, the use of the laser has revolutionized Raman spectroscopy 
and made it as versatile a technique as its absorption counterpart. 

The Raman range covers the same region as the middle-to-far IR, falling 
between the visible and microwave regions. In 1923 Smekal [313] predicted 
the existence of this light-scattering phenomenon, which was demonstrated by 


Raman [314] in 1928 and is named after him. 

It differs from the radiation-scattering effects of particles (Tyndall effect) 
and Molecules (Rayleigh effect). Raman spectra are observed when visible light 
35 Scattered inelastically by molecules in solids, gases or liquids. u 
-— Raman effects are relatively inefficient processes; about 0.156 of the бер 

lation intensity appears as Rayleigh scattering and approximately 107°% as 


aman Scattering. А 
à Raman scattering can result from rotational, vibrational or even — 
ansitions, Because the Raman effect is weak, it is desirable that the materi 
should Scatter the radiation rather than absorb it, therefore coloured species are 
difficult to study. Even weak fluorescence is much stronger than the Raman 
effect, ang therefore it is difficult, for example, to study rare-earth and many 
Organic compounds. Another difficulty is that turbidity or even dust particles 
= increase the intensity of the Rayleigh-scattering line relative to the 
Nes, with undesirable consequences. Other ападан оо е 


Which earlj і iminat 
; earlier made it of limited application were eliminate 
int KR M ВЕ ight produced from a non-laser 


TOduced as a source in the early 1960s. Li 


152 Education in Analytical Chemistry [Ch. 3 


source is emitted from many points independently so that there is no phase 
relationship, directionality, and polarization of the radiation. 

The laser is an almost ideal light-source, and hence laser Raman spectroscopy 
has become a method of analysis that is as easy to use as infrared and ultraviolet 
absorption spectroscopy. 

The introduction of the laser as light-source has eliminated a series of 
disadvantages of mercury-arc excitation. Some of the advantages of the laser asa 
light-source are that most fluorescence problems are eliminated; the collimated 
nature of the laser energy allows focusing for excitation of extremely small 
volumes, and the laser’s high intensity and nearly completely linear polarization 
simplify the measurement of depolarization values. 

The most commonly used laser is the helium-neon source emitting ‘al 
632.8 nm (red). The argon-ion laser has also found some application with its 
emission at 488.0 nm (blue-green) and 514.5 nm (green). The laser beam has 
a very narrow spectral line-width (0.005 nm for a helium-neon laser, compared 


with 0.025 nm for a mercury arc). The nature of the laser cavity results in 
an automatically-collimated intense light-beam, 
efficiency. An effective luminous flux of several h 
with a relatively low-power laser. 


giving very high illuminating 
undred W/cm? can be achieved 


In contrast to the lasers mentioned above which emit discrete lines, tunable 
dye lasers find general use as Raman sources. Two techniques based on these 
Sources have appeared, namely coherent anti-Stokes Raman spectroscopy 
(CARS) and resonance Raman Spectroscopy. Both depend heavily on the 
tunability of the excitation Source [315]. 


Figure 3.13 gives the Scheme of a laser Raman Spectrometer. 
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Fig. 3.13 Schematic of a laser Raman Spectrometer 
copyright holders, 


[316] (by permission of the 
J. Wiley Inc. | фу p 


‚ New York). 
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Commerciz 
Breech tae Rin ies are equipped with double or triple m 
Uu ic. effectively eliminate stray light, but for chemical enge 
chromator is satisfac : 
AEN ralas d actory. The Raman band i 
"ve and reproducible to within +2 стт! nuu 
ле applicati Г la E i 
TES к of laser Raman spectroscopy are extremely numerous and 
eaten à scat and organometallic compounds. In the past Raman 
vas applied o r с i 
ө ш рр nly to а number of colourless inorganic or organic 
The fir 
st ri 
a da of the Raman spectrum of a coloured organic material 
te RE id as 1964, and the first laser Raman results of direct interest 
жые el re obtained in 1966; the yellow cation [Co(NH3)g]* was 
о oe and the deeply coloured anions МХ [M being platinum 
Жош 4 and X chlorine, bromine or iodine; the compound рой и 
АЫ, | D (K Аш) is soot-black in bulk] were examined as powders 
in 1932 a x first Raman spectrum of a polymer (polystyrene) was obtained 
‘thes fires hich aman spectra of polymers were not readily available until recently. 
gh-quality spectrum (of isotactic polypropylene) was produced in 
on of the laser source, and in the past few years 


1967 f 
s Shortly after the introducti 
s of Raman 


there | 
lave b Y — 
METERS сеп numerous publications describing the application 
R py in the synthetic polymer field. 
er JEN Rh 3 Я 
ies of applications of this technique may 


and boc ern 
rage which we mention two [316,317]. 
end this secti iffi 
this section we stress the difficulty for the analyst to choose the 


most ap У 
ropriate i 
This a method to establish the structure of a chemical compound. 
ty may be caused by inadequate knowledge of the method or by 


Preconcei A 

ceive f н s 

DAP aai ideas. The analytical chemist must be fully aware of the up-to-date 
e of the different methods of structural analysis, in order to make 


the b 
est choice Novis 
oice, particularly when complementary techniques (such as IR and 


Rai 
mar : 
1 spectroscopy) are available. 


be found in review articles 


3.2.2 
:2.2.2 | 
Mass Spectrometry (MS)- Nuclear Magnetic Resonance Spectrometry 
| (ММК) 

Win ў [ 
Boar Ri wide area of application of thes 
| ecial aspects in or 
айу р der to demonstrate 


e techniques we shall discuss only 


their importance for chemical 


M 
re ет (MS) 
башы ж had its origins at the begi 
Nowadays no gave conclusive evidence of. 
finger c n a widely used technique for re 
Mass 5 SE the equipment and to the appear 
Secong BP бржу was first used only for the stu 
war it was applied to the structural stud 


ury, in Thompson's 


f the existence of isotopes. MS has 
search, owing to the continued 
w working methods. 
sotopes. After the 
nds. 


nning of this cent 


ance of ne 
dy of i 
y of organic compou 
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Most recently, spark-source mass spectrometry has proved its utility in the 
determination of elements present as traces in inorganic substances, high-purity 
materials, semiconductors, etc., allowing the determination of elements at the 
ng/g level. However, the most spectacular application remains the structural 
analysis of organic compounds. McLafferty observed in the introduction of the 
Romanian book by Oprean [318] “There is a feature of mass spectrometry which 
according to my opinion remained unchanged during the time. ... This is the 
challenge, the stimulus and the amusement characteristic of mass spectrometry, 
similar to a game of crosswords, and namely to obtain an eloquent picture of 
a molecule from different detected fragments”. 

The great value of research in the field of MS and especially use of the mass 


spectrometer as a detector in the combined GC/MS technique has been proved in 
the Viking Lander missions to Mars. In an article [319] 


and volatile inorganic compounds in two surface s 
Planitia Region of Mars, it was reported that the existe 
on Mars was highly improbable, only CO, and wat 
automated GC/MS analysis of Martian soil. 
350° and 500°C to expel volatile substances 
then analysed by GC/MS. The material rel. 
heated to 350° or 500°C. This water was pre 
Which release water at these high tempera 


on the search for organic 
amples from the Chryse 
nce of organic compounds 
er being detected by the 
The samples were heated at 200°, 
and pyrolysis products which were 
eased only 0.1-1% of water when 
sumably present in mineral hydrates 
tures. The samples did not contain 
т example, propane or methanol, at 
ght compounds of this nature were 
ction limit used). 

tence of any efficient contemporary 
. It also makes it unlikely that there are 


€ biomedicine, environmental studies, 
biochemistry and organic, organo-metallic 


As Burlingame et al. have remarked [320]: 


е “This impressive range of interest 
in mass spectrometry, 


therefore, Tequires a va 


LU à ty is compared 
analysis, its sensitivity is higher than that of NMR or FTIR despite the applica- 
tion of Fourier transform techni : 
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diffe > 

PA compounds of various molecular weights or complexity may be 
Te "rou E of mass spectra is their suitability for data storage and 
ie ies greatest disarvanitage ОГ MS relative to IR, Raman, X-ray diffraction 

и ron diffraction is that it is a destructive technique. 
a pa in Pai a technique which can serve as an alternative to GC/MS 
sins ios a E namely a direct technique of analysis of mixtures by 
me e a, da a non-chromatographic procedure. It is called MIKES 
amily Б ШО inetic energy spectrometry). The MIKES approach to mixture 
DOE y ee and has advantages over other currently used 
eink laa vig 'romatographic procedure the mixture of components is 
T pine ather than before ionization. An analogy can be made between 
ure and fluorescence spectroscopy (Fig. 3.14). 


F 
LUORESCENCE SPECTROSCOPY 


all hy hy, 
Monochromator | — | Detector 


—- 


hy, all hy 
Monochromator somp! a 


MIKES (Cuvette) 


all M* * 
M all m* mt 
— | Monoch “1, | Reaction 0 
| romator Chamber — | Analyser |——- 


Оов (Collision Chamber) E,BorQ 


MIKES as compared with similar steps 
electric sector; B, magnetic sector; 
d with permission from Anal. Chem., 
merican Chemical Society.) 


Fig 
ا‎ : Scheme of mixture analysis by 
Quad in fluorescence spectroscopy. E, 
»Quadrupole mass analyser [321]. ( Reprinte 
1978, 50, 81A. Copyright by the A 


ine seen from Fig. 3.14 the ionized mixture is passed through a 
the тауу (which шау be operated as a momentum or mass analyser), and 
le produ component is dissociated without appreciable change in velocity. 
Operated ct ions are then analysed and detected. The second analyser can be 
Velocit as а mass, momentum or kinetic-energy analyser since for constant 

у, the mass, momentum, and kinetic energy are directly proportional to 


ва 

ach other [321]. 

mr may be used to determine the con 
ing biological tissue, without any prior chemical separation whatsoever. 


Barbi 
biturates have been examined by the MIKES method with good results, 
se. This technique holds 


whe 
consider CAMS does not give good results in this ca ) ique hole 
etter е promise for application in biochemistry, and its detection limit is 
It "p that of mass spectrometry. 
ternat; obvious that direct analysis of mixtures by MIKES can serve as an 
ative to GC/MS. Moreover, the sample throughput capabilities of MIKES 


ponents of complex mixtures, 
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are expected to be greater than those for GC/MS for those analyses that are not 
signal-limited. | 
Table 3.16 gives some of the features of MIKES and GC/MS. | - 
There is no doubt that the continued development and automation of this 
technique will make it competitive with the best techniques of structural analysis. 


Table 3.16 : " 
Comparison of selected characteristics of MIKES and GC/MS methodologies [321] 
(Reprinted with permission from Anal. Chem., 1978, 50, 81A. 
Copyright by the American Chemical Society) 


MIKES GC/MS 
Thermal stability Moderate Severe 
Analysis time Short Long 
Exposure to extraneous material Minimal Severe 
Detection limit 10-107 g 1077-107? р (SIMS) 
Quantitation Yes Yes 


Nuclear magnetic resonance spectrometry 
NMR is based on Gartner's theore 
founded independently in 1945 b 
Purcell’s team (Harvard University). 

Its importance for Structural a. 


physicists were later awarded the 
establishment of C-NMR. 


tical studies (1936) and was experimentally 
y Bloch's team (Stanford University) and 


š " 9 
nalysis was soon recognized, and the twc 
Nobel prize. Twelve years later saw the 


The development of Superconducting solenoids, 
transform techniques, has made observations of spectra of low-abundance 


and/or low-sensitivity nuclei a routine matter (the abundance of 3C is only 
1.1%), and the wealth of infor 


together with Fourier 


species such as phosphorus, fluor 


For the study of organic compounds, the most suitable methods are 
proton or C-NMR. An intere 


i Sting comparison of both techniques may be 
found in Silberg’s book [322]. 


ine, boron, etc. 
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solid sample, t — ari it ف‎ 
of ha nd = can in principle elucidate the rate and mechanism 
he theoretical < i 
Sik көе "enis а вахи of NMR are various. We shall discuss 
têt jê DERHE oiu ак y s ear magnetic resonance spectroscopy. This 
аа di Mei oes a consequence of the recent development of the 
o ali arts asurement and interpretation of NMR spectra which 
ITE dew ыл uin: in very short time-spans at temperatures down to 
н DA xà on this area has recently been published [324]. 
ан tare тр E кш the spectrometric methods used for studying dynamic 
ове imus chosen according to the energy involved. In the case of 
FSET АЫ copy, the energy needed for a transition is of the order 
речная pA Venim in IR the energy of a transition is some 
about 107 pair a difference of 100 Hz (at 60 MHz) is equivalent to 
ican Ls is fundamental and has an implication for the ‘time scale’ 
principle, there cum of the excited state. According to the Heisenberg uncertainty 
рер] Ye m a rein between the time parameters and the width of 
spin nx ames A е i signal. The relationship between the lifetime of the 
similär алет {о epis the width of the signal allows two states of closely 
da sd i erentiated. 
рес irs u factor in the time-dependent processes i 
limiting he agnetic environment because of a given cher 
d s may be distinguished [322]. 
f du Же рыт is slow on the NMR time 
useful fo S are separately observed as signa 
(i r conformational analysis. 
the hee reser is very rapid in both directions; in this case the average of 
fua -Stafeg E rameters (chemical shift, coupling and time of relaxation) of the 
The rates inim is observed. А ; 
about 1 to 108 rea Шу measurable by magnetic resonance techniques extend from 
the Pun Sep ,a very wide and important range that is too fast for many of 
This Sedo es approaches. 
Ment of the hnique, owing to its particular 
eee equipment and the theoretica 
acyclic aes on problems such as cycle inver: 
Hiemer ems, configurational inversion, pro 
m ism, etc. 
we read Jackman and Cotton's book [324] we se 
tic or even in 


techni 

n P 

ique are numerous, some of them exo 
hemical non-rigidity i 


ler t ә 
Se pie For example, the stereoc n metal carbonyl 
nds, a very intricate problem of structural analysis, and stereochemical 


Non-rigig; 
Nique sidity in organo-metallic compounds have been studied by use of this tech- 
- (The term ‘stereochemically non-rigid’ is used for all molecules that 


s that if a nucleus 
mical process, two 


scale; in this case the two states 
Is of two distinct species. This is 


e and to the improve- 
ntly extensively used 
1 equilibria in 
ons, valency 


larly high performanc 
studies, is curre 
sion, conformationa 
ton transfer, hydride i 


this e that the applications of 
otl npossible to solve by 
со 
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undergo intramolecular rearrangements rapidly enough to influence NMR line 
shapes at temperatures within the practical range of experimentation.) The equip: 
ment necessary for this technique is unfortunately too expensive to be accessible 
for students. The graduate students must learn only how this technique should 
be used and correlated with other results from IR, MS or Raman spectrometry 
studies. 

Unfortunately, NMR suffers from a series of disadvantages, difficult to 
eliminate. Each spectrum Tepresents a separate problem in interpretation. 
Proton-NMR requires deuterated solvents which are expensive, and C-NMR 


needs costly and complex apparatus, is suitable only for research purposes, and 
is not in itself useful in education, especially in the ‘poor’ universities. 


3.2.2.3 X-Ray Diffraction-Neutron Diffraction 


These two techniques of structural analysis will be discussed together because 


they have identical physical principles and complement each other in the 
information that can be obtained with them. There are many books, review 
articles and publications in this field, but few of them discuss comparatively the 
performances and theoretical aspects of these methods, an exception being 
the book by Bally ег al. [325]. 

Although X-ray diffraction, thanks to automation, is now accessible to most 
chemists, neutron diffraction still remains unpopular because of the complexity 
of the experimental work. However, modern reactors provide beams of thermal 


neutrons sufficiently intense to serve for study of the microstructure and 
microdimensions of substances. 


le incident radiati 


on with the electrons of the atom. Neutrons 
may be scattered by an atom byt 


tiifluorid ў Ts аге used. The Proportional detectors use boron 
miluoride as filler gas; the Scintillation detectors contain a two-component 


ent giving nuclear react i 1 roduce 
st к ons with neutrons to pro 
ionized particles which ¢ inti І 


collimators with plane- parallel slits (Soller 
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type) are used, the first before the crystal monochromator, the second between 
the crystal and sample and the third between the sample and detector. 

The purpose of qualitative and quantitative structural analysis of crystalline 
Powders is to establish the components and their proportions in a sample. 
In qualitative structural analysis the diffraction data for the sample are compared 
With those catalogued for known crystalline substances (in the ASTM index, 
Which systematizes the structural data obtained with diffraction studies). 

The integrated intensity of a diffraction maximum for a given structural 
component will be proportional to the volume fraction occupied by this com- 
Ponent. This property of the integrated intensities may be used for quantitative 
Structural analyses, to establish the concentrations of different structural 
components. 

An interesting application of neutron diffraction is the structural 
Magnetic substances. 

The X-ray diffraction technique is used for gases, liquids and amorphous 
Solids as well as for crystalline materials. These other types of material have a 
Statistically isotropic structure. This means that the function for the probability 
density, P(r), of scattering matter in a spherical shell of radii r and r + dr is 
expressed in terms of a density function, p(7), representing the average number 
of atoms in the shell, and po, the average atomic density of the system. 


analysis of 


P(r) = pp o (3:18) 

This property of isotropy of atomic environments has only a statistical 
character, It assumes the existence of a local anisotropic environment having 
different symmetries which correspond to the nature of the chemical bonds or 
19 the necessity of spatial packing. For use with amorphous substances the X-ray 
diffraction method needs well-stabilized sources and emission tubes of high 
Power (for example 2 kW). However it allows direct recording of the diffracted 
"adiation, and as absorption by the sample is practically independent of the 
diffraction angle 20, no absorption correction is necessary. The main advantages 
are the high sensitivity and precision achieved in measurement of the eed 
tensity (owing to the relatively large amount of irradiated material, which 


ге l à 
Sults in good statistics in the detection counter system). 


The X-ray diffraction techniques have been successfully used to characterize 
the Structure of polymers, biopolymers, nucleic acids, proteins, etc. Tor 

AS a result of its complete automation and the improvements in jara те, 
у diffraction has also embarked on a second youth, being one of the 
“ейде of structural analysis, giving direct knowledge of the pee 9 к 
at an the symposium on ‘Instruments for ioe s үк о? Ae 
Tania, winter meeting of the American Crystallograp e numus 
inst ary 1976, three very promising directions for improving 

Tumentation were outlined: 

1) the use of synchrotron radiation; 
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(2) energy-dispersive diffractometry with solid-state detectors; T 
(3) the utilization of position-sensitive radiation detectors in 
diffraction instrumentation [326]. xd 
Although the interpretation of diffraction spectra needs knowledge a 
experience, its principles should be known by the modern analytical chemist. 


3.3 OUTPUT 
Where there's a will there's a way. 


This attempt to present aspects of teaching and education in analytical € 
is approaching its end. We call it an attempt since it is close to impossible wa 
general advice on education and teaching, even in a specialized field —— 
analytical chemistry. However, in this comparatively small number of pages | 

have kept to the general aspects which we consider most relevant to education 


ает ap i) iasa 0 a 
and teaching in this discipline, which is so useful today to all chemists and tc 
large number of other specialists. 


The sequence of 
with the sequence of 
‘correspond’, 


A т nt 
presentation was deliberately arranged to be rye 4 
steps in an analysis, so the sections in Chapters 2 and 2 


Information-Input, Experimental- Black- Box, Data Processing - Output. 


А i d 
It should be stressed, however, that the titles of sections in Chapter 3 are intende 


only to be thought- provoking and not to refer to the steps of automation in and 
through analytical chemistry, 


In the earlier sections we have made extensive use of information available 
in the literature as well as expressing our own opinions, but now, we wish to give 
only our own thoughts. We therefore make a tabula rasa of knowledge acquired 
from the literature and put to work our experience of 25 years in research ane 
teaching, in order to emphasise some aspects of the teaching of analy tical 
chemistry, and its efficiency. 


Since throughout this book we have been drawing conclusions by contrasting 
man and instrument, this sec 


tion is divided into two parts: one is going to deal 
with the quality of the analyst, and the other with the quality of the analytical 
signal. We think this division is logical since any product is evaluated in terms О! 
its quality and the product of thought is no exception. 

yst — the Three ‘C's 

that education an 
ture. Here we qi 


3.3.1 Quality of the Anal 
Discussing the qualities 
a highly subjective ven 
which must characterize any specialist 
specialization. 


d teaching can inject into an analyst § 
scuss only three facets of an analyst’ 
> NO matter what the nature of the 

(a) Capability. 
person with a level 
Science. 


We start With this 


7 эл ә пу 
“С” since it is a sine qua non for а 
of education equiv 


of 
alent to at least that of a bachelor 
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Being 
2 capable 
the w 8 capable means havi 
ork in tl raving understood the ‘job’ 
"reis he particular fe the ‘job’, and being a 
M these changes r field. Changes in the educational Me «p ek = 
ori are, however, ип are useful if properly directed but can * is д 
бо te educational bet erin accompanied by fluctuations of ай : 
m institute to insti ct, so capability is likely i vieni: 
P» to3ristiturs y ely to vary from time to time and 
we hz i 
the ave already said, teachi 
we connection di Ss jc teaching only opens the ways to education and if 
а ork 
M у ео capability smoothly, flaws develop іп the quality of students 
€ a good апа si | 
ed бети] чуан it is necessary first to hi 
ў ure, 2 " rdi 
te e with a and plenty of patience to improve them continuo! 
are a builder. The ie the student interacts every day has the major ro 
à à seas, fe 
stinguished by ca ш imitate, and imitation of those professors who 
pability is very much to the beginners’ profit 


Bein 

8 cap: 

sub pable mez 2 

tle neans before anything else being keen to understand all the 


ave a general culture, then a 
usly. 
le as 


ties of 
of 5 
th ll of A profession chosen 
leir cour recall with 2 І 
аце н ШЫ ara great pleasure those of our professors who delivered 
s idi be offered bea е the audience was fascinated. Such an ‘attractive’ 
vened and peine T highly cultured persons. Course presentation must 
ned with collateral remarks regarding other fields of 


activi 
ity 
» remark 
s which forc Г 
force the audience to establish connections for themselves. 
ss become enthusiastic and, 


this will encourage them to 
hurch’ of any scientist — the 


, ery ofi 
as ten, 1 
We said т beginners who sit in a good cla 
‚ feel like imitating their teacher: 


Enlarge tha; 
li a their knowledge ¢ A 

y. ge and will send them to the ‘с 
‘active’ impulse to use the 
e with the whole field, 
in self-defence! 
alize in a certain 
jant course (in a 


, Only; 
libra, Y attendi 
ing a чани. а good class will produce this 
at best produ abe сорте is apt to produce displeasur 
ases are zu id passive’ desire to use the library = 
ramaticall a ees of freshmen who intend to speci 
t field) VE À ecide to change it after taking а brill 
ч e library is p highly impresses them. 
ideas they denm Ainge nursery where capable peop: 
Pret ibrary wo ir to analyse the ideas of 
and rk is the vital route to expertise in 81 
not be discontin 


the, Tl 
e hou 
Co gh Lg 
m Special Н Х 
Ра ists needing to solve some problems rapidly ma 
nner should, in ou 


d the shrine 
e their own 
ng, inter- 
e mere 


le are bred, ап 
others and shap 
thering. assessir 


ued or becom! 
y resort 10 


r opinion, 


Scan ter to 
rbi ле ан опали begi i 
Sc , mation ^" у, and definitely avoid making use of computerize 
lig; 78 Pu his compu е would even go further and say that the specialist should 
© mq "Our the id ter searches to occasions of dire necessity. 
idea that study in the library plays û formative part» and that 
limit. Those who are frequent 
ding ап 


vis, a 
Sito. NY sports, thi 
toi » this kind of activi 
activity has no age 


ibrarj 
ries are i 3 м 
е impressed by seeing celebrated scientists rea 
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thinking creatively next to them; in spite of their achievements these scholars 
are still willing to learn and continue their education, to promote productivity. 

Regular use of the library ensures exercise of the mind just as daily training 
keeps a sportsman in shape. If this exercise is done properly it contributes to 
the development of capability. 

Old specialists are considered by many to be less productive than young 
ones, and ‘limited’ in outlook and ability. We think this is not so. Let us nol 
forget that Goethe was old when he wrote Faust, the masterpiece of his creative 
life, and that Faust has been read with pleasure by a great many people; we are 
sure it will be enjoyed just as much by future generations. 

We consider that ‘limitation’ can be cured in the library; the library is a 


palliative for all except those who cannot read between the lines. It is a refresher 
for capable people willi k 


study allows us to dis 
as while reading we get 

Any one of us wh 
suddenly feel that his 


cover the imperfections of our own culture, the more so 
new ideas and so approach new lines of research. 
o has been working for several years in a certain field may 


Boing on in chemistry in general 
m time to time ‘fashionable’ fields of research arise (their 


"e 
and that there is a rush to be ‘in the swim. 


Capable analysts have to be aware f : Е s 
i on in 
analytical chemistry, to improve f о everything that is currently going 
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т к дш their field in order to improve their performance. 
itis vot bar that there is already too much for any one person to learn. 
ате T or to be an expert, however; what is needed is a broad general 
and intelli urrent events and the ability to assess and relate them critically 
gently. 
ii res a gas chromatographer must know about, work, and even research 
ios es "ie poder enlarging not only his knowledge but the field of investiga- 
correlation of ee the most important achievement is the comparison and 
the sift ofi analytes information, Nature has bestowed upon man, besides 
айу is анон the gift of comparison. The highest satisfaction for an 
experimental taining comparable and corroborative information by various 
Де! methods. 
that LM reason that the “Black-box” of this book has discussed methods 
The desire ^ * or compete with or can replace or be used to check each other. 
analytical es Keep the book short has prevented us from approaching other 
reader with chniques m the same way; however, we hope we have inoculated the 
methods aie curiosity to compare them himself. Comparison of analytical 
the whole ar = Xo understand them better, and to reach the conclusion that 
if we have x uytical process is one unitary act and that if we want to understand 
A tame’ it by perceiving its essential nature. 
Which aes to finish with the first “С° we discuss a more delicate p. 
odern so ential for work in the laboratory, especially in the research aree 
ean ciety, except in the more unfortunate parts of the globe, has m 
right $ extent the way to education. As with any wide-scale action, this п 
Produce "m problems. Were the education system well organized, it shou 
truly b ny capable specialists. Owing to the need to verify that knowledge has 
een gained, some form of examination is necessary, and because of the 


hur 
Mar pano £ 
1 nature of examiners and sometimes because of the limitations of the use 
cational process may 


9! com з 
іе ощ puters in examining methods, the product of the edu 
Rêç the quality tolerances but escape detection in the ‘quality-control 
i : 
ion’. In other words, the universities and colleges sometimes produce 


Bradu C Я 0 
ate chemists and analysts who are less gifted or dedicated and whose 
ves to science. Some of 


ambit; 1 
hem ma 15 to get a diploma and not to devote themsel apatite 
heir са Y even pursue graduate studies and get their Ph.D. wi нч - P ч 
DI P ty, and so merely add one more diploma to their col ee ч en 

Society. Heri one of the undesirable consequences of the аро а 

emi Ndividuals whose mercantile spirit prevails over their passion E не 

is Sune by the desire to occupy a better position in the hierarc ү. dee 

ed th led by ability and performance or not. To be fair, however, i san 
hat some students mature more slowly than others, and that student 

er remarkably in 


Who 

тау; 
the appear poor in un aduate courses sometimes flow i 
rk f m tudents fail to fulfil their 


ear] 


roblem, 


cing- 4 
pror 8-bed of research, whereas some ‘bright’ s 
m "m 
Ise and do not come to fruition. 
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The danger carried by the less capable individuals is latent at first Bur aed 
grow if, by luck or favourable circumstances, they come to occupy ed 
making positions in industry or scientific research. To avoid the mistakes 
may ensue in such cases, means must be devised of isolating mediocrity. | 

Опе way of doing this is by team-work in research, since the objective of the 
team is collective effort towards a common goal, and in theory at any rate the 
free discussion and criticism amongst the members of the team should lead to a 
mediocre worker feeling ‘out of things’ and voluntarily leaving the team. The 
efficiency of team-work in general was discussed in Chapter 2, and here we shall 
discuss this other aspect of it. 

Perhaps no other language has a better equivalent for the English word 
‘team’. It evokes the idea of a homogeneous group with homogeneous potentials 
and tendencies. As in sports, one member of the team may substitute for another 
if occasion demands, the overriding consideration being the performance of the 
team. The whole will be geater than the parts. It is necessary, however, again as 
in sports, for the team to be properly managed, trained and coached. The analogy 
can be carried further, since some teams will be better than other 


of sentiment, kindheartedness, lack of ruthlessness, or even la 
of the management, some teams 


mediocrities that the System was 

team who cannot stand the attitude a 

it, ensuring its health, but " 

far more likely to remain than to А і 

prevents them from Perceiving it. 
To maintain its Vitality, anal 


s, and for reasons 


ytical chemistry has to rely, in the first place, on 
capable people who are in à permanent process of self-improvement. 


(b) Correctness, This quality is implicitly related to capability through 
reciprocity. We place it b 


etween capability and creativity since it serves as а 
bridge between them. 


and recall with pleasure professors who used to come to and leave classes with 
the exactness of a clock, so 
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This fac » 
itd aen Ve ea a t punctuality, may have unfortunate effects if 
i amem or te ring international conferences and congresses. Nowadays 
spedializafion here UN even if they are organized with very narrow 
Бапа des a Dm e requires a mathematical observance of the time 
mit uii a coni que has seen in Japan what ‘cosmic’ punctuality 
well organized е | ^ consider that participation of youth in this kind of 
win BRERA d g teaches them, among other prerequisites of correctness, 


Many sti 
still i т 
consider that scientists are strange, absent-minded people, 


who m: 
ay be à 
pardoned everything, but such scientists often turn out to be 
ffect their research work. 


pseud А f 
Doe and their absent-mindedness will a 
to be ri mar does not mean only punctuality. To be correct means 
evidences Ий; Mi oai and in research. Perhaps no other branch of chemistry 
Virtue of its extr er than analytical chemistry, which is a science by the very 
from others " remely rigorous character. Though punctuality may be learned 
from daily lab RUE in research and the skill to obtain ‘correct’ results are acquired 
Statistic: qmi — 
minations is а show us which of a large number of replicate deter- 
correct the proc [eget closest to the truth. However good the analyst and 
(equipment н е ure, random fluctuations in the conditions in the laboratory 
this ecient ail trea aie reagents, etc.) will cause a variation in the results, and 
Thus, ES a direct measure of the skill of the analyst. 
osed on the e 8 до longer only necessary ; it is compulsory and must be 
Eto: work with m analyst, the more so if we consider that some day he may 
unique sample, and be unable to perform enough replicate 


experi 
ры allow the use of statistics. 

Standard "iun in analytical work is best ensur 

analyses of t rence materials and participation in 

to fall into fe same material in various laboratories. 

analysis! Such trap of assuming the mantle of infallibility. There are no popes in 

Persona] dine exercises often reveal unsuspected weaknesses in methods or 

In the fore, s [327]. Correctness is the hall-mark of a research team engaged 
ront of analytical research, and to ensure it, multidisciplinary teams 


Of anal 
" St 3 
YSts are more and more often employed, so that the results obtained by 


diff, 
erent n 
1 А 
ethods can serve to cross-check each other. 
nd his education continually, 


To b 
ec 
еы, orrect, then, the analyst has to expa 
To ard to ensure correctness of his results, 50 that even when part of a 
ar i ^ 
п contribute fully to the rigorousnéss of its research. " 
d thus 


Corr 

z "e 

crea tness gives people justifiable confidence in themselves an 
ir analy tical results. The importance 


se s 

this n а iua of correctness in their an he 

Tesults Ub N if we consider а clinical analysis laboratory supplying inaccurate 

Uch error: gh lack of skill or attention to detail on the part of the operators. 
s could cause irreversible damage. 


imp 
hav 


ed by frequent analysis of 
*round-robin" collaborative 
Otherwise it is all too easy 


and 
tear 
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The conclusion is that to be a good analyst, the scientist must do his best 
to work correctly and to produce the results on time. Punctuality in RS 
the results is especially important in production quality control. It was le 
minimize the delay in delivery of analytical information and to reduce th 
enormous amount of skilled labour required for manually performed analyses, 
that on-line analysis was developed. The role of the analyst has correspondingly 
shifted from concentration on using manual and mental skills to using mental 
skills only (to ensure correct choice and programming of the instrumentation) 
and thus having more time for development of ideas. 

Automation of analytical 
continuous high.s 


» lor a single analysis а competent analyst may often produce 
a faster and more correct result than the machine can, 


Now, since we have built the bridge from the first to the third of the qualities 
s consider this third ‘C? which is the premier quality of a 


‚ We take the risk of repeat- 


Beneral aspects of this quality which is à 
st of the scientific community, 


t the scientific 


characteristic of mo 
We believe tha 


creativity of an individual evolves in three 
Stages as follows: 


» graduate and post-doctoral. The present 
countries with some educational tradition 


besides solid ; Temarkable intellectual qualities. In по 
field of scien 


rs (as opposed to the researchers) generally 
create work of real value. A creative Scientist must be 
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research ес, wie ben for a scientist is adaptability, within both i 
{ -work eliminates indi one research team. We have remark d сареи 
БЕ" test for vx Ый unsuited for research; thus the nm нан 
NETE ae ! assigning them to wo k wi igeni 

character, T ee of an undergraduate dire о аы i 
and creativity of tl ent thus learns how to work in a labo: Sie ca 
This тези: An hong early research leaves a mark upon ie Bic ipte 
чода of Sr ap м a subject already discussed throughout i acer 

r е Х i : 

universities a E generally associated with particular departments in 

on seS b cesaret я Although the heads of the research units mu 
ет нето 5, the enormous volume of paper work ver ofte " 
im Scieütific diu I which is detrimental to the den md 
and supervision, eere. penis is-not possible without adequate rgssietia 
м Shiifuston weld * ganization must not be confused with science itself. 
ае To conti e harmful for science and would in fact disorganize 
lat school has ‘a bens the tradition of a research school, the appointed head of 
be a passionate and active researcher. The example of the chief 


influence: 

The р school of research. 
ар, for p research, at least for a beginner, 
zin of Tell зр physiological reasons, but it must be continuous. 
н Bais йу ein to science, though permanently preoccupied by 
on aineering AE i igent rest. Thus most researchers have hobbies, e.g. 

Gtr Jeistire: tinei ыб, whereas practitioners such as physicians may occupy 
For young (—— difficult problems of mathematics. 
оше ets pida " particularly important how they organize their 
$m ка Miken iu ite nest d r orce for research. In this case also, the answer is 

bees BEEK ter . good scientific research team is so homogeneous that 

‘A. 06d ex сат even during leisure time. 

ample is supplied by a famous Rom 


is vital. Research cannot be 


leisu 


n school of research, that 


ania 
his research in 


of t 
ле lat 
Organ; e Prof: A 
ganic shane A] Nenitescu, known the world over for 
. Although he imposed on his research team an unceasing 
lways to be found in 


aself by being à 
literally forced all the staff, except à 


the safety of the building, to 6° on 
well-deserved active vacation, 
After such a month of rest 


‹ 
tough’ 

v rh 
ythm (which he observed him 


the lab 
aboratory ax or library), in August he 
Vacation: бан left behind to guarantee 
Most of Me of his staff accompanied him on à 
1€ Work was r was spent hiking and mountaineering. 
Б Тһе ba with renewed vigour. 
arns not m who participates in the Vari 
" eds nat маган approach problems but how to b 
n in the raa: the opinion of some scientists 
Scientists а ory and library without any active rest. 
re undoubtedly productive for а while, then they get tired, and 


lis m 
ay be 
н ч 
ensed in their activity. 


he research team 


real scientist. 
time should 


ous activities oft 
ecome à 
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The research topics to be tackled are very important factors in the develop: 
ment of scientific researchers. We do not agree with the idea that the —€— 
should deal with unimportant matter, so as not to hamper the research of pre 
team. The young researchers should be involved in the full work of the ec 
right from the start, because quite often they bring new and unbiased outloo 
which lead to a better solution or even break a deadlock within the team. ۰ 

We consider that in the ideal research school the members are so similar in 
value that any one of them could become the leader and bring the team to e 
objective, just as any member of an Everest ‘summit party’ can take the lead 
successfully. 

The iecit stage of training is the research leading to the Ph.D. As we 
have already mentioned, these graduate studies are pursued by each student 
individually (there are no collective Ph.D. degrees and it is unlikely there ever 
Will be); however, these Studies may be carried out within a team. A well- 


constituted team will ensure the high quality of information gathered throughout 
the graduate studies. 


During graduate studies in analytical chemistry, = 
paid to giving the student a general culture in analytical chemistry. Although in 
the United States good graduate work is conducted on ultraspecialized research 
themes, we consider that, in spite of the fact that graduate studies are a higher 
Stage of education, they are stil] only a formative stage and that the European 

neral doctoral studies should not be abandoned. Thus, during 
the future researcher should become acquainted with 
1 techniques of major importance in analytical 
chemistry. 


special attention must be 


agreeable for most of us; it is 
simply that these problems are more difficult and many analysts and researchers 
do not know how to Solve them. To approach a problem of structural analysis 
requires, according to what we have already said in this chapter, analysts of very 
broad outlook and training, with great insight. In mountaineering parlance, they 
are the ‘tigers’ capable of tackling 


the analytical equivalents of the ‘last problems 


of climbing — the North wall climbs on mountains such as the Eiger in the Swiss 
Alps. 


As analysts, unlike Physicians or lawyers, cannot put up a brass plate at 
the door to announce thei [ 


2 р Ir profession, we Тау ask what the Ph.D. in analytical 
chemistry is worth. The answer j 


is that if the Ph.D. was obtained from a good 
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school it opens the fu 
analytical chert ture towards new researcl А 
If this iN dns = аА тя rh ынай а SETS 
avoured. by d 3 mited duration, re 

new trails gesund stage, only a few pida um oe 
not feel d ew approaches. If we a which opens 
than in Pani and give up, however. In ae oe pedir са 
a tral, bot aril о endeavour. A researcher MD NE ta 
ебет anding and important work in major field iscover such 
and Walsh both o ae with those of researchers in gen | and obtain 
creations: ‘were | "y new approaches, but we must na ж — 
researchers. The с пе by assiduous development work b T€ ipae аы 
development of new ссе of data can, at a certain А-А | "d 
шап аге ae fe a —— AG alors an 

Xamples of Engels’s fa харе and this is one of the very fi i 
eat Produce ч be amous dictum in Anti-Dührin that anti » dae 
Bi fission). qualitative change (one of the alkar is mmt 

о conc i а 

to be е ag section on the qualities of the analyst, Without pretendi 
farsighted, and ds ye make a concession to the human desire to be uah 

" Although man s opinion on future fields of analytical research. ў 
E ү dander ra ‚ые E e research, which must be continuously 
in ENS high i a to realize that analytical chemistry 
ee Sut me me чс тү о bern analysis, is permanently 
See = ОШЕН te sae ands a m and technological processes and is 
а ёа аде qiriye ‹ ed top priority problems. These make 

"Wes ЙА stb sits ETA E the analyst and the analytical signal. 

№, s undergone єлїш о. that the techniques of surface analysis 
fiis мете Fe wes i recent development. They were demanded 
dues. are still very ek no ogies. Although, as we have mentioned, these 
xpensive, as teachers we must do everything 10 make 


Stud 
ris aware of them 
1€ 5 
teg, 8ерагайоп techni 
hniques of higl й ees will always enjoy further development, anc 
gher efficiency will very likely be developed in the near future. 
h other fields such as 


| chemistry wit 
in analytical ch 


analytical sign 
chniques will fu 


emistry itself, 
al. which wil 
rther develop. 


Fin; 

medicine. j the interaction of analytica 

will make ia and biochemistry, and research 

implicitly tig demands on the quality of the 

With "disi to automation. The automatic te 

á These ре : effects on human activity. 

le next "iron blems, as well as automation 
ion, which discusses the quality 


— the Three *R'S 
and in this bo 


vent, are the topic of 


and its developn 
| signal. 


of the analytica 


eferred 


3.3 
ualit 
ity of the Analytical Signal 
ok we haver 


he 
analytical si 
al signal can be discussed endlessly: 
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mostly to the output. There has been much theoretical work оп the reel 
signal and noise, and a good general account of its statistical nature wi ate 
in the recent book by Liteanu and Вісі [85]. Here we discuss Wie b c 
teristics of the analytical signal that we consider of major importance: "s ^ 
reproducibility and reliability, all of which are dependent on the equipment. 


(a) Rapidity. Throughout the years this concept has undergone several 
modifications in terms of analytical practice. ‘ 

When analytical chemistry became an independent science (even though an 
recognized as such), with the generalization in practice of the classical gravimetric 
and titrimetric methods, the problem arose of obtaining the result of an analysis 
as quickly as possible, especially as analytical control became more Кешеп 
applied in industrial production. Since at that time there was no c 
equipment, the methods themselves had to be adapted. Many of us can 1668 
that before the second world war the most rapid gravimetric methods were often 
considered to be those which allowed dire 
collection and drying in a filter- 
of Cluj, Romania, introduced 


matic contro] 


As ‘mentioned earlier, automation in analytical chemistry and in analytical 
Production control has required the mingling of various disciplines, such a8 
physics, electronics, ¢ Jematics and cybernetics to achieve the 


hemistry, matt 
“wonders of the century’, the automatic analysers. It has also led to the ‘isn’t 


Sec. 3.3 
sal Output 171 
science wonderful’ syndrome manife: 
x , sted as accepte А 
„ыу of the validity of the he n нн 
р ie mim of Duos production has had some detrimental 
BU: o combat. The most emotive of i i 
her ey Although in existence since industry first е e pmt 
a ШЕН > world war, it was not regarded as a serious problem. Now it is 
BY scientists. m of concern, but is often considered purely emotionally, even 
the developmen e problem of pollution has resulted in a minor industry in 
of new Borse = analy tical control, involving the design and application 
pollution. This а ме continuously monitoring and automatically controlling 
automation in iade е, hs contributed a great deal to the rapid development of 
| їй бейит ytical chemistry in general. 
discussed for ed Bae when the sample, sampling, 
and the e reasons, the discussion was limi 
sampling and мн of ‘correct’ sampling, with no 
Pollution have B ac sample-changers. The stu 
systems to vocan it necessary to devise automatic sampli 
Tapid clinical на adequately precise and rapid analysis. The 
also played a 6 po and analytical ‘profiles’ as aids to diagnosis in me 
However i» role in the automation of analysis. 
analy tical bid i strongest impetus for automation and miniaturization of 
Position of tan has come from the in situ studies of the 
outer planets, which necessitated completel 


effects, not always easy 


and sample processing were 
ted to general principles 
reference to automatic 
dies on environmental 
ng and analysis 
development of 
dicine has 


atmosphere and com- 
and relay of tH y automatic analysis 
Problems it i results to Earth. In comparison with this kind of equipment, the 
and analysis ave discussed in connection with sampling, sample preparation 
analyses it p TA look obsolete. The automatic device takes the sample and 
and trasmite ^ variety of methods (mainly non-destructive), processes the data 
e mont ай ie of the results (telemetric analysis). 
unately not be» so that the beginner or even à dedicated analyst sie has 
nderstand read enough from the literature or is otherwise not up to ate, 
nd why analyses must be done rapidly and why the notion of a 


id analytical çi 
ا ا‎ is mentioned. | 
stry in seta do basic research in various fields of scien 
as eS of reacti icular, net only rapid but very rapid analyses are n 
Nalysis tec] Hon kinetics, of isomerism, conformation 
"cord ver oo have been developed for this purpose, 
SEE Unstable ast processes, and sometimes characterize reaction 
е and have very short lifetimes. 


Ven 

а to Я 

Dalysis E. most practised and up-to-date analy 
е which transmits data continuously can give 


Questi 

ons а 

t 4 Street ne the future of analytical chemistry When one 
With digital oe in Kyoto, Japan, an automa on mono 
isplay of CO concentration іп pp? along with a display 


Unfo 
Tt 

May 
u 

Tapj 

chemi ce in general, and 
eeded, ё.8: in 
tO: Dynamic 


Studie 


n automatic 
k and raise 
of the authors 52% 
xide analyser 
of the noise 


St, meeting à 
a shoc: 


tic carb 


i h. 3 
72 Education in Analytical Chemistry [Ch 


level and temperature, he had brought home to him what a fast i eer э 
is, and that the studies of pollution of the environment have pushe 
chonistey literally onto the street, for the good of mankind. "m 
Let us return to the rapidity of the analytical signal. The nee І e ipe 
discussed above. However, not every analytical apparatus can give a ye eie 
short a time as we might desire. For various technical reasons, the an rns 
signal (the output) will lag behind the sample introduction (the input) by a 
interval Ar. | 
id The improvement of equipment for the control of rapid processes pem 
ensuring the most rapid signal, i.e. minimizing Аг. Let us таке аѕ exampl een 
of those we have already used in the book: without the demand for rapid analy 


the designing of GC/MS or GC/IR apparatus would have been inconceivable. The 
analysis of complex mixtures bı 


chemical species which have 


and result. Thus, it was neces: 
included adequate el 
Process it fast enough. The GC/ 
of automatic, continuous 
development of the analyt 

To conclude these ge 


neral considerations of 
analysis, which has brou 


rapidity, let us discuss on-line 


apid indeed. The rapid Signal is hence a prerequisite 


ess control. Equipment has been produced which is 
when connected to the on-line computer, becomes 
n of production Processes. 

always be 


self-calibrating and which, 
a basic factor in optimizatio; 


Even so, there will those who consider that automation 


(b) Reproducibility ang Reliability. We have left these two parameters till 
last, to conclude this cha oducibility and reliability are, in our 


ical chemist ry. 
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electronics, ¢ 
(the Melee ee, - the efficiency of operation of some piece of equipment 
рз бын шм jargon). 

if the ШШШ таз тк about automatic laboratory 
Signal. The а. vi ane the apparatus do not secure reproducibility of the 
of analysis, the De fo reproducibility of the signal is related to the method 
the species con 1 rformance of the equipment used, the concentration level of 
destructive аат the nature of the sample. At trace levels the non- 
contamination DES often give better reproducibility because the problem of 
Tegarded as pepe pares The reproducibility of the analytical signal is often 
Often a videsis bs v degree of automation of the system used, but this is 
methods can s criterion. Many ‘old-fashioned analysts, using manual classical 
that is better rf m a reproducibility of performance, even for complex samples, 
OF course the han that of even the latest instruments, In certain applications. 
the capabilit reverse also holds, and there are many analyses that are bios: 
methods, B. o any manual method, but easy tO perform by шшш 
the teproducit ms it is all too easy to say "Yes. the errors are rather large т 
there should be "d poor, but any result is better than no result at all Ines ] 
and to raj ee Sen Imuous acceptance of the challenge to improve performance 
ise that of instruments and automatic analysers to compare with the 


best 
achi x 
oe ts of the ‘old-timers’. 
terms ee problem that analysts are not yet accustomed to, but must come to 
th, is reliability. For the manufacturers of high-performance laboratory 
em related to 


equip 

mer Saye | 

nt this is, besides design, the most important problem rel 
o maintain its level 


Competitiv; 3 
of cine s their product. Laboratory equipment has t os Кона" 
and analys; use iver long periods of time to meet the needs of mo! ей : 
ysis. This is especially so for automatic an . 'backgroun 
stations placed at high altitude to $2 
nt. These stations generally nee 
Le. give can intervention. It is vital t 
аге compar: stant analytical conditions) from star 
T | 
GC/MS) t. ru of reliability is most stringent in automatic ¢ in Bt 
Practical] outer space analyses. The reliability of this eq d 
Y absolute in order to ensure continuous function and 


ot i 
motu control centre. 
Signal. fie Considerations bring to an end our short discussion idet 3 
"eStricteq ге, as in the sections dealing with the qualities of the 2 rau 
the discussion to certain aspects- These three criteria © E 
signal, ОЛ 


üre wl 
10 Г сї 
reliable lly interdependent. To obtain a rapid and reproducible 
ninaga pment must be used. Likewise, the rapidity © dtl 
System к. improved by improvement of the electronics an 
» Check ; БИ ach с nent. 

ed by testing the reliability of each compe em (and a 


їе г i in conc 
eproducibility of results has always been a main СО 


or on-line equipment 


Without " 
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of self-examination and a source of 
really be satisfied by the performan 
always seek to do still better, 

These qualities of the analytical signal will cause some methods or makes of 
equipment to be preferred to others, without eliminating them. It is up to the 
analyst to select the most adequate method, the most suitable for reaching the 
final goal. It is this ability that differentiates between analysts just as performance 
does laboratory equipment. It is the function of teaching and education to bring 
the analyst to see this, and so to ensure that we continue to progress. 


pride) for analysts, but they should never 
ce of the equipment available, and should 


Afterword 
MMC 


A look into the future 


When 
the writi [à i i 
ing of a book is finished and the outcome inspected, the author(s) 


will always ha m 
better DUE "ie that at least some chapters or sections would come out 
Eni аг те сква се again. This is the more so when the topic of the 
the iai: ESSE a du ay w um field. Since as far as we are aware this is 
E HEEE oN ا‎ Sen chemistry, we have tried to be original 
discussing education in sie realize that we have succeeded only partially in 
уне no through analytical chemistry. We hope that, at least 
dich Se aba "Ye enticing the freshman in chemistry to this endless discipline 
choice is the See beu and to convince the dedicated analyst that his 
нуз p that it pays to persevere in improving the results. 
forecasts of fuc y few books on any field of scientific research, will you find 
lot of futurolo ure development of that field. Although there are at present à 
of analytical е we personally do not know anyone who can tell the fortune 
decumulated, to ae However, we will try, based on the knowledge we have 
of its highlights tie into the future of this discipline, or rather to present some 
Reis anat bet have the most likely prospect of development. 
New Fi aid ig chemistry research will certainly keep many people busy. 
4 de ОГ S new reagents will always be studied: this will ensure, besides 
байа “bank ensitive and selective reactions, the enrichment of the tradi- 
bioluminesce E analytical chemistry. New kinetic and enzymatic reactions, 
ёхрен in it i chemiluminescent reactions will be discovered. The future 
analysis Фар ytical chemistry will need to devise new physical methods of 
1 will complement or supplant rele 


Of analyti the old ones. Given the present 
these ne cal chemistry in the control of very diverse technological processes, 
w methods will have to be compa 


9f the pr tible with the operational parameters 

compute ocesses. The control apparatus will be operated by microprocessor and 
r E с Я 

‚ and will be an integral part of the production process. capable of 


self- 
f- шш and self-repair. 
in 
ce at least some of this equipment will be available 


in the near future, 


176 Afterword 


analysts will soon have more time to think, and the more they think, the more 
substantially will they contribute to promotion of their field. 

The increasing automation of equipme; 
new methods of analysis and to expand the 
chemistry. 


nt will force all analysts to develop 
theoretical foundations of analytical 


is severely limited by the lang 
method of publication will fa 
reasonable certainty that the ; 
editors do their job properly), 
to keep useless information o 
information retrieval. It is also 
(but excluded from the abstra 
believe in lookin iately before and after the one of interest, 
in the hope of a lucky ‘find’, 


il, because this is the only way which can give a 
naterial published is in fact correct (provided the 


The exchange of infor 
amplified. We think such 
between analysts 


meetings, and this should 
organized 


Ytical chemistry will have to be 
ciently done by direct ie 
, by Participation in international 


fe: motion of teaching, research and 
education in analytical chemistry, 


Nothing is now left but to Say, as Caesar J 
"Alea jacta est!”. We are Sure there will be ma 


ideas advanced in this book; indeed we hope SO, because it is only by free 


discussion and debate that real Progress can be made. We therefore express in 
advance our gratitude to all those Stimulated 


chemistry, and Especially those who will hel 
opinions. 


id when he crossed the €: 
NY criticisms of the opinions an 


to further the cause of analytical 
P us by letting us know their own 
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